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This research focuses on a cap-independent translation element (TE) we identified in the RNA 
of barley yellow dwarf virus (BYDV). Assisted by the TE, all messenger RNAs of BYDV, which 
include BYDV genomic RNA and subgenomic RNAs, are translated cap-independently. This allows 
uncapped, nonpolyadenylated BYDV RNAs to compete with capped and polyadenylated host 
mRNAs for the translation machinery. The core of the TE is a 105 nt sequence (TEIOS) located in 
the 3' UTR of BYDV genomic RNA. Due to its 3' position, at least two fimctions are necessary for 
TBI 05: 3'-5' communication, and recruitment of translation machinery. TE105 also functions in the 
5' UTR. In this setting, the 3'-5' communication function is unnecessary because of the 5' position 
of TBI 05. Using secondary structure probing and stmcture-directed mutagenesis, I discovered the 
cruciform secondary structure of TE105 and roles of domains within it. A seven-base loop sequence 
of stem-loop III in TEI05 is involved in the 3'-5' communication because it is required only in the 
3' UTR context. All other secondary structural elements, and a highly conserved sequence that may 
base pair directly to the I8S ribosomal RNA, are required for cap-independent translation in either 
context. Another seven-base loop sequence identified in a 5' UTR stem-loop structure is also 
necessary for TE105 to function in the 3' UTR. RNA structural probing and functional analysis 
demonstrated that the loop sequences are base paired to each other, and that this pairing is necessary 
for the 3'-5' communication. This base-pairing is also essential for viral replication, probably 
through the translational regulation of the viral replicase gene. These results show that a closed-loop 
mRNA formed by RNA-RNA interaction between the UTRs is required for cap-independent 
translation of BYDV. This provides a new means of forming a closed-loop mRNA in the absence of 
a 5' cap and a poly(A) tail. The significance of this study towards the fundamental understanding of 
translation and possible practical applications of the TE sequence in transgenic plants are also 
discussed. 
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CHAPTER 1. GENERAL INTRODUCTION 
Translation of capped and poiyadenylated mRNA of eukaryotes 
Translation is the process of transmitting genetic information from nucleic acids to proteins. 
Regulation of translation is achieved by controlling the efficiency of messenger RNA (mRNA) 
utilization. My Ph.D. dissertation research focuses on the mechanism of a novel translational 
regulatory RNA we identified in the genome of a positive strand RNA virus, barley yellow dwarf 
virus (BYDV). This RNA is a cap-independent translation element (TE), and it can effectively 
enhance translation of uncapped mRNA in either the 3' or the 5' untranslated region (UTR). Cap-
independent translation is very important for BYDV because its genomic RNA (gRNA) and 
subgenomic RNAs (sgRNAs) are uncapped, yet they are efficiently translated in the cytoplasm of 
infected plants. Capped and poiyadenylated host mRNAs are translated in the cytoplasm too, where 
the translation machinery is optimized for their translation. BYDV must adopt a mechanism to 
translate cap-independently while using as much of the host translation machinery as possible. 
My dissertation research reveals that BYDV adopts a slightly modified version of the host 
translation mechanism to facilitate translation of its own uncapped mRNAs. The TE sequence we 
identified plays an important role in cap-independent translation of BYDV RNA. Before I focus on 
TE-facilitated cap-independent translation, I will provide an overview of eukaryotic mRNA 
translation, the importance of the cap and poly(A) tail for its translation, the fimctional synergy 
between the cap and poly(A) tail and the structural basis for this synergy. 
Eukaryotes have complex transcriptional and post-transcriptional regulation mechanisms to 
control the amount of mRNAs available for translation. Why maintain another layer of control at the 
level of translation? First, transcriptional control is not always precise enough for gene expression, 
and translational control provides additional fine-tuning for gene expression (Mathews et al., 1996). 
Secondly, during early development (embryogenesis) or stress, transcriptional control is not fast 
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enough to catch up with developmental decisions. Eggs normally store a large amount of the 
transcripts in an inactive stage. Once fertilized, eggs start to translate immediately by activating the 
maternal mRNAs (Wickens et al., 1996). Third, for a positive strand RNA virus like BYDV, 
translation of its gRNA happens before replication, and it is the first process of viral gene expression 
inside the host cells. 
Translation can be roughly divided into three stages: initiation, elongation and termination. 
Initiation assembles the translation initiation complex and positions the initiator Met-tElNAi at the 
initiation codon. Elongation incorporates activated amino acids into the carboxy-terminus of the 
nascent peptide chain; and termination requires the binding of release factors to release the 
completed polypeptide from the ribosome. 
Translation initiation is the most complex stage because the most important control happens in 
this step. Translation is a highly energy-consuming process: one ATP and two GTPs are hydrolyzed 
for each incorporated amino acid (Merrick and Hershey, 1996). Regulating translation from the very 
beginning is more efficient than degrading partially finished products from the point of energy 
utilization. In addition, regulation at initiation avoids "the resultant logjam of recyclable 
components and accumulation of intermediates as by-products" (Mathews et al., 1996). 
Translation initiation of eukaryotic mRNA involves at least 11 eukaryotic initiation factors 
(elFs) as well as the mRNA, the initiator Met-tRNAi and the ribosomal subunits (Merrick and 
Hershey, 1996). One of these elFs, eIF4E, specifically binds the 5' cap structure of the mRNA 
(Marcotrigiano et al., 1997), showing the important role of the cap in translation initiation of 
eukaryotic mRNA. eIF4E belongs to a multi-subunit initiation factor, eIF4F, which also contains 
eIF4G (a molecular scaffold with multiple binding sites to other initiation factors and mRNA) 
(Hentze, 1997) and eIF4A (an RNA-dependent ATPase) (Grifo et al., 1984). With the association of 
eIF4B, eIF4A can melt the secondary structure in the 5' untranslated region (UTR) and provide a 
landing point for the 40S ribosomal subunit. The 40S ribosomal subunit is activated by the binding 
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of a ternary complex (the initiator Met-tRNAj bound to eIF2 and GTP) to form a 43S complex. This 
43S complex binds to the 5' UTR with the assistance of eIF4F and eIF3, and scans 5' to 3' along the 
mRNA. Once the first start codon is reached, the 60S ribosomal subunit joins, the initiation factors 
are released, and elongation starts (Kozak, 1989; Gray and Wickens, 1998; Dever, 1999; Preiss and 
Hentze, 1999). 
Eukaryotic mRNA is different from prokaryotic mRNA by having two modified termini: a 5' 
m'G(5')ppp(5')N cap structure and a 3' poly(A) tail. Both the cap and poly(A) tail stabilize the 
mRNA in the cytoplasm of eukaryotes (Jacobson and Peltz, 1996). However, the translational 
enhancement is much higher than the stability enhancement introduced by the cap and poly(A) tail. 
So, both the cap and poly(A) tail have their roles in efficient translation. 
The 5' cap structure is required for efficient translation both in vitro and in vivo. Inhibition of 
in vitro translation of capped mRNA by a cap analog m^G(5')ppp(5')G implies that the cap is 
important for efficient translation (Merrick and Hershey, 1996). The cap structure of eukaryotic 
mRNA probably provides a signal for forming initiation complex from the 5' end. In prokaryotes, 
the Shine-Dalgamo sequence, which could base pair to the sequence near the 3'-terminus of the 16S 
ribosomal RNA (rRNA) of the 30S ribosomal subunit, provides such a signal (Shine and Dalgamo, 
1974). For eukaryotic mRNA, the interactions among the cap and eukaryotic initiation factors 
brings ribosomes to the S' UTR of the mRNA to initiate translation (discussed in detail later). 
The importance of the poly(A) tail in translation comes from two experimental findings: 
expression of heterologous mRNAs electroporated into cells and cytoplasmic polyadenylation in the 
early development of fertilized eggs. Gallie et al. (1991; 1989) investigated translation of the 
synthetic mRNAs with or without a 50 nt poly(A) tail electroporated into tobacco, carrot, maize, 
rice, Chinese hamster ovary, and yeast cells. The polyadenylated mRNAs were translated up to two 
orders of magnitude greater than those without a poly(A) tail. In the earliest stage of the 
development of fertilized eggs of frogs, mice and flies, translational activation or inactivation of 
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many maternal mRNAs is correlated with lengthening or shortening of their poly(A) tails, 
respectively (Bachvarova, 1992; Wormington, 1993). 
The cap and poly(A) tail function synergistically to enhance translation initiation of eukaryotic 
mRNAs (Gallie, 1998). Although it has long been suspected that the interaction of the two ends of 
the mRNA through the cap and poly(A) tail is the structural basis for this synergy (Baglioni et al., 
1969), it was not until recently that biochemistry and genetics have provided enough evidence to 
show this communication physically exists and is functional. 
The communication between the cap and poly(A) tail involves a network of interactions 
among the initiation factors and two terminal structures of the mRNA (Fig. 1 and Preiss and Hentze, 
1999). As mentioned earlier, a cap binding protein, eIF4E, binds the cap. The poly(A) tail also 
binds to an abundant cellular protein, poly(A) binding protein (PABP) (Sachs and Davis, 1989). The 
homolog of PABP in yeast is called Pablp, and we refer it as PABP in the following to avoid 
confusion. eIF4G completes this end-to-end circuit by binding with both eIF4E (Lamphear et al., 
1995) and PABP (Tanm and Sachs, 1996). Activated 40S ribosomal subunit in the form of a 43S 
complex binds to the 5' UTR through the interaction of elF4G with eIF3 and eIF4B (Gray and 
Wickens, 1998). The above scenario happens in mammalian and yeast cells. In addition to eIF4E 
and eIF4G, plant cells contain more abundant eIFiso4E and eIFiso4G, which have functions similar 
to eIF4E and eIF4G, respectively (Browning, 1996). In plant cells, the interactions of cap-iso4E 
(Carberry et al., 1991), iso4E-iso4G (Metz and Browning, 1996), iso4G-PABP (Le et al., 1997) and 
PABP-poly(A) tail can bring the two ends of the mRNA together. Additionally, an alternative 
interaction bridge involving interactions of PABP-PAIP (PABP-interacting protein-1), PAIP-eIF4A 
and eIF4A-mRNA was proposed for mammals (Craig et al., 1998). The closed-loop form of the 
mRNA was actually visualized by atomic force microscopy with the recombinant protein factors 
(eIF4E, eIF4G and PABP) involved in the communication (Wells et al., 1998). 
Fig. 1. Function of closed-loop capped and polyadenylated eukaryotic mRNA facilitated by 
translation initiation factors. The cap binding protein eIF4E associates with eIF4G, 
eIF4G interacts with poly(A) binding proteins (PABPs) which are associated with the 
poIy(A) tail. Besides this loop structure, eIF4G-associated eIF4A (RNA helicase) can 
melt the RNA secondary structure of the 5' UTR. eIF3 also interacts with eIF4G. With 
the help of eIF3, the 40S ribosomal subunit (in the active form of a 43S complex) joins. 
The 40S subunit scans along the 5' UTR, the 60S subunit joins at the start codon, and 
translation begins. 
Genetic evidence also supports this protein interaction bridge between the cap and poly(A) 
tail. Proteins that directly interact with the cap (eIF4E) and the poly(A) tail (PABP) are important 
for translation and normal function of organisms. Overexpression of eIF4E was observed in 
malignant breast specimens but not in normal or benign breast tissues (Li et al., 1997). 
Overexpression of eIF4E by transfection induces malignant transformation, possibly due to 
translational upregulation of mRNAs encoding proteins that regulate cell growth (Shantz et al., 
1996). A PABP mutant in yeast is lethal, indicating the importance of PABP to translation (Sachs et 
al., 1987). For the molecular scaffold, eIF4G, mutation of either the eIF4E binding site or the PABP 
binding site destroyed the synergistic activation of translation by the cap and poly(A) tail (Tanin and 
Sachs, 1995; Tarun et al., 1997; Tarun and Sachs, 1997; Kessler and Sachs, 1998). 
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The closed-loop mRNA provides translational advantages in comparison with the linear form. 
First, the cap and poly(A) tail mark the identity of the mRNA which should be translated from the 
other structural or functional RNA molecules (such as ribosomal RNAs, transfer RNAs, etc.). 
Second, capping and polyadenylation stabilize mRNA through the interaction of the two ends, which 
is mediated by the cap, the poly(A) tail and their associated cellular factors. The instability of 
mRNAs is at least partially related to the loss and modification of cap and/or poly(A) tail (Bernstein 
et al., 1989; Beelman et al., 1996; Jacobson, 1996). Third, capping and polyadenylation not only 
stabilize the mRNA, but also enhance translation synergistically through the protein factors 
interacting with them (Sachs and Davis, 1989; Gallie, 1998). Finally, the intramolecular interaction 
between the cap and poly(A) tail also marks the structural (and thus functional) integrity of the 
mRNA. By initiating translation from circular mRNA, energy is not wasted on translation of 
degraded mRNAs. 
Translation of capped and polyadenylated mRNA can be regulated by modulating this circular 
communication. eIF4E-binding protein-1 (4E-BP1), a repressor of translation initiation activated by 
phosphorylation, binds to eIF4E and blocks the interaction between eIF4E and eIF4G (Haghighat et 
al., 1995). The dephosphorylation of eIF4E abolishes its cap binding function and thus represses 
translation (Sonenberg, 1994). Furthermore, the phosphorylation state of PABP also affects 
translation and its binding to the poly(A) tail and other translation initiation factors (Le et al., 2000). 
RNA function and structure relationship in translational control 
In addition to the 5' cap and the 3' poly(A) tail structures, the UTR sequences also play 
important roles in translation initiation. The most obvious example is the Shine-Dalgamo (SD) 
sequence upstream of the start codon in prokaryotic mRNA. The SD sequence is complementary to 
an anti-Shine-Dalgamo sequence (ASD) of the 3' proximal end of the 16S rRNA of prokaryotes. 
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Prokaryotic translation is initiated by the interaction between the mRNA and the 30S ribosomal 
subunit based on this SD-ASD base-pairing (Steitz and Jakes, 1975). 
RNA structures also play critical roles in translational control. A trp RNA-binding attenuation 
protein (TRAP) in Bacillus subtilis dynamically controls translation of the trpE RNA by changing 
the accessibility of the mRNA's SD sequence to the 30S ribosomal subunit (Du and Babitzke, 1998). 
The ~200 nt 5' UTR of the trp mRNA forms a big stem-loop structure. The SD sequence resides 
downstream of this big stem-loop and is "open to" (single-stranded) the 16S rRNA. The SD-ASD 
interaction promotes the binding of the mRNA and ribosomes, and the downstream gene is 
translated for the synthesis of tryptophan. When enough tryptophan accumulates in cells, TRAP is 
activated and binds to the 5' part of the 5' UTR- This specific binding disrupts the proximal half 
stem of the big stem-loop and reduces the length of its stem. The part of the 3' sequence of the old 
stem that was previously base-paired with the sequence now occupied by TRAP becomes released 
from the stem-loop. This released sequence then forms another stem-loop with the downstream SD 
sequence. Thus, the SD sequence is "buried" in this new base-pairing, and translation is inhibited. 
Ribosome shunting reported in translation of cauliflower mosaic virus (CaMV) provides 
another example of regulatory function of the RNA secondary structure (Futterer et al., 1990; 
Futterer et al., 1993). In the shunting model, ribosomes start to scan from the 5' end, but a segment 
of the 5' UTR that contains multiple very small open reading frames is bypassed. Ribosomes shunt 
from a shunt donor site to a shunt acceptor site upstream of the first major open reading frame (ORF) 
to be translated (Ryabova and Hohn, 2(X)0). The complex RNA secondary structure of the 5' UTR 
brings the above two sites close to each other. Mutations that abolished the formation of the 
proximal stem section drastically reduced reporter gene expression, whereas the complementary 
restoring mutations recovered shunting (Dominguez et al., 1998). Thus, the close physical proximity 
of the shunting donor and acceptor sites required by the shunting is achieved by this complex RNA 
secondary structure. 
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Translation regulation can also be achieved by speciflc interactions of RNA secondary 
structures with proteins (reviewed by Standart and Jackson, 1994). The interaction of the iron 
regulatory protein (IRP) and the iron responsive element (IRE) is such an example. The IRE is a 
stem-loop RNA structure with unpaired CAGUGN sequence in the loop, and a bulged C residue on 
the 5'-side of the stem separated from the loop by five base-paired residues. The IRE can be found 
in the 5' UTR of mRNAs of ferritin, erythroid S-aminoIevulinate synthase, and mitochondrial cis-
aconitase. Translation of these mRNAs is responsive to iron and other physiological stimuli 
(Standart and Jackson, 1994; Gray and Wickens, 1998). The IRP binds the IRE structure in the 5' 
UTR of these mRNAs with high affinity and translation of these mRNAs is reduced. The binding of 
the IRP to the IRE is believed to prevent the association of the 43S complex with the mRNA (Gray 
and Hentze, 1994). 
Sequences or structures in both UTRs of the same mRNA can be used together for specific 
translational control, oskar mRNA is required for formation of the posterior region of Drosophila. 
However, it can only enter the anterior end of the oocyte from the nurse cells. It needs to move 
across the oocyte because it should be translated only at the posterior end (Wickens et al., 1996). 
Translation of oskar mRNA is repressed before the mRNA arrives at the posterior pole. This 
repression requires the binding of Bruno protein to the Bruno response element (BRE) which resides 
in the 3' UTR of oskar. When oskar mRNA reaches the posterior pole, translation is derepressed by 
the binding of a 50 kDa protein (p50) to both the BRE and a 5' UTR sequence (Gunkel et al., 1998). 
Gunkel ei al. (1998) suggested that the functional interaction of different elements of the two ends of 
oskar is a prerequisite for both the repression and derepression. There is no obvious similarity 
between the 5' and 3' elements, and p50 is suggested to bind to the similar higher order RNA 
structures present in each RNA element. 
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Cap and/or poly(A)-independent translation 
mRNAs of many positive-stranded RNA viruses lack a cap and/or a poly(A) tail, and they 
manage to compete effectively against host capped and polyadenylated mRNAs for the translation 
machinery during infection. Cap-independent translation is one strategy they use to win this 
competition. 
For some 5' uncapped and 3' polyadenylated RNA viruses like Enterovirus, Rhinovirus, 
Cardiovirus, and Aphthovirus in the Picomaviridae family (Jang et al., 1988; Pelletier and 
Sonenberg, 1988; Jackson and Kaminski, 1995), a long and highly structured 5' UTR called the 
internal ribosome entry site (IRES) facilitates the joining of the 40S ribosomal subunit to the mRNA, 
and translation starts cap-independently. IRESes were also reported in the 5' UTRs of the uncapped 
and non-polyadenylated viruses like members of genus Pestivirus (Poole et al., 1995) and related 
hepatitis C virus of the Flaviviridae family (Tsukiyamakohara et al., 1992; Wang et al., 1993). 
Some cellular mRNAs also reportedly have IRESes in their 5' UTRs (Macejak and Samow, 1991; 
Gan and Rhoads, 1996; Nanbru et al., 1997; Johatmes and Samow, 1998), probably related to the 
specific translational control of the proteins they encode. 
Interactions of canonical translation factors such as eIF2, eIF3, eIF4G and its associated eIF4A 
to the IRES (Jackson and Kaminski, 1995; Pestova et al., 1996) suggest the IRES-supported cap-
independent translation is not totally different from cap-dependent translation. However, the cap 
binding protein eIF4E and the 5' cap are not required for the function of the IRES. eIF4G can be 
cleaved by the viral encoded proteinase in some Picomaviridae-ln^ccisd cells (Lamphear et al., 
1993; Kirchweger et al., 1994). The cleavage separates eIF4G into an N-terminal part containing the 
eIF4E binding site and a C-terminal part containing the eIF3/eIF4A binding site. The cleaved eIF4G 
C-terminal part can enhance cap-independent translation in absence of eIF4E. The cleavage of 
eIF4G provides the additional advantage to the virus of disrupting translation of cellular capped 
mRNAs, because they lose the connection with eIF4E (Ohimann et al., 1995; Ohimann et al., 1996; 
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Bonman et al., 1997). In this way, the IRES alleviates the requirement for a cap structure and the cap 
binding protein eIF4E to gain a translational advantage versus capped cellular mRNAs. 
For most viral IRES-promoted, cap-independent translation, many canonical translation 
factors except for eIF4E and the N-terminal part of eIF4G are required. These factors promote the 
assembly of the translation initiation complex in the 5' UTR without the need of a cap. De Gregorio 
et al. (1999) constructed a fusion protein of iron regulatory protein (IRP) with the C-terminal core 
region of eIF4G, which contains the binding site to eIF3/eIF4A. This fusion protein sufficed to 
direct the downstream cistron translation of bicistronic mRNAs bearing IRESes in their 
intercistronic space in vivo. However, this translation is only 10-15% as efficient as the HCV IRES-
mediated translation and 5% as efficient as capped mRNA translation under the same conditions. I 
believe the reason for the lower translation is that the eIF4G core does not contain the PABP binding 
site (N-terminal of eIF4G) and lacks the 3'-5' communication with the 3' UTR. Other cellular 
factors that interact with the IRES, such as polypyrimidine-tract binding protein. La autoantigen, 
poly(rC) binding protein (Jackson and Kaminski, 1995; Blyn et al., 1996), may also have a role in 
interacting with the 3' UTR and form the closed-loop mRNA required for efficient translation 
initiation. 
Tobacco mosaic virus (TMV) and rotavirus have capped but nonpolyadenylated mRNAs. 
Different sequences in their UTRs facilitate the communication between the ends for efficient 
translation. The pseudoknot-rich domain in the 3' UTR of TMV mRNA substitutes for a poly(A) 
tail in translation, perhaps because it interacts with a common factor which can bind to the TMV 5' 
UTR in a cap-dependent manner (Gallie and Walbot, 1990; Tanguay and Gallie, 1996). In the case 
of rotavirus, viral protein NSP3A specifically binds the viral 3' UTR as well as the human eIF4GI 
(eIF4GI and eIF4GII are yeast eIF4G homologs found in mammals) in a complex with eIF4A and 
eIF4E (Piron et al., 1998). NSP3A indeed evicts PABP as well as the poly(A) tail from the 
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interaction between different ends of the cellular mRNAs, and gains competitive advantage for 
translation of its own mRNA. 
Viral RNAs of satellite tobacco necrosis virus (STNV) (Lesnaw and Reichmann, 1970), barley 
yellow dwarf virus (BYDV) (Allen et al., 1999), turnip crinkle virus (TCV) (Qu and Morris, 2000) 
and probably tomato bushy stunt virus (TBSV) lack both a 5' cap and a 3' poly(A) tail. However, 
they can be translated efficiently owing to different translation enhancement sequences residing in 
their UTRs (Danthinne et al., 1993; Timmer et al., 1993; Wang and Miller, 1995; Wu and White, 
1999; Qu and Morris, 2000). 
BYDV and its translation 
BYDV in the genus Luteovirus of the family Luteoviridae has a single-stranded, positive-sense 
RNA genome of 5677 bases that encodes six open reading frames (ORPs, Fig. 2). The genus 
Luteovirus (formerly known as Luteovirus subgroup I) is different from the genus Polerovirus 
(formerly knov/n as Luteovirus subgroup II) both in genome organization and serological properties. 
readthrough 
frameshiHing leaky-scan 
I 60K |22Ki 50K 
39K ' ' ' 













5'UTR {1-143) (H I sgRNAI 
fa ]sgRNA2 
ij sgRNA3 
TE105 (in vitro) 
Fig. 2. Genome organization of BYDV. Open reading frames are numbered and the molecular 
weight of the encoded protein indicated in kilodaltons (K). Bold lines indicate gRNA 
and sgRNAs. The three arrows going downward indicate the site of unusual translation 
events as indicated. Flatched box indicates the viral 5' UTR, while shaded box indicates 
the 105 nt in v/7ro-active 3'TE. Sequence between the vertical dotted lines (base 4809-
5677) contains the sequence of in v/Vo-active 3'TE. 
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Polerovirus has an ORFO which is absent in genus Luteovirus, while ORP6 in genus Luteovirus is 
absent in genus Polerovirus. More importantly, the 5' end of Polerovirus RNA is covalently linked 
to a genome-linked protein (VPg), whereas the 5' end of Luteovirus has neither a VPg nor a cap 
structure (Allen et al., 1999). 
Luteovirus gene expression is controlled by various "unconventional" translation events 
(Miller et al., 1995; Miller and Rasochova, 1997; Miller, 1999). Three 3'-coterminal sgRNAs are 
produced to translate the downstream ORFs (Fig. 2). Viral gRNA is the messenger for a 39 kDa 
protein (ORFl) and an RNA dependent RNA polymerase (RdRp, ORFl+2). Translation of RdRp is 
controlled by a minus one ribosomal frameshifting event. During the elongation of translation of 
ORFl, some ribosomes slip backward one base and change the codon recognition frame into ORF2 
(Fig. 2) (Di, 1992; Miller et al., 1997). sgRNAl serves as the messenger for coat protein (ORF3), 
putative movement protein (ORF4), and a protein related to aphid transmission (ORF3/5) (Miller, 
1999). ORF4 is actually embedded within ORF3, but in a different reading frame. Translation of 
the putative movement protein from sgRNAl is achieved by a "leaky-scarming" mechanism. Some 
of the ribosomal small subunits scan through the first start codon (ORF3's) and initiate translation at 
the start codon of 0RF4 (Dinesh-Kumar and Miller, 1993). Aphid transmission protein is expressed 
by occasional in-frame readthrough of the coat protein stop codon (Brown et al., 1996). sgRNA2 
not only serves as the messenger of ORF6, a protein with unknown function, but also has important 
regulatory function in translation as discussed in Appendix. 
Because the mRNAs of BYDV (gRNA, sgRNAl and sgRNA2) all contain the same 3'-
terminal sequence, they use a common translation element that allows expression of their mRNAs 
equivalent to that of capped and polyadenylated mRNA. A 105 nt translation element (TE105) 
resides in the intercistronic region between ORF5 and ORF6, which is part of the 3' UTRs of gRNA 
and SgRNAl, and the 5' UTR of sgRNA2. In the wheat germ in vitro translation system, TE105 
facilitates cap-independent translation of both gRNA and sgRNAl from the 3' UTR (Wang et al.. 
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1999; Wang and Miller, 1995). TE105 also facilitates cap-independent translation from the 5' UTR 
of sgRNA2 (Wang et al., 1999). Indeed, no viral ORFs are necessary for cap-independent 
translation. They can be replaced by reporter genes (GUS or luciferase) with no deleterious effect 
on cap-independent translation. 
In an oat protoplast in vivo translation system, TEI05 alone is insufficient for full cap-
independent translation. A longer sequence of the 3' UTR encompassing TEI05 is required for 
translation of uncapped and nonpolyadenylated mRNA to the level of eukaryotic capped and 
polyadenylated mRNA (Wang et al., 1997). Given that translation is poly(A) tail independent in the 
wheat germ extract (Wang et al., 1997), the additional sequence required in vivo probably substitutes 
the function of a poly(A) tail in vivo. The longer sequence required in vivo coincides with the 
sequence of sgRNA2. The biological implication of this is discussed below. In Chapter 2, we 
provide evidence to demonstrate that the additional sequence (besides TBI05) can be partially 
replaced by a 60 nt long poly(A) tail. 
TE105 also fiinctions in trans, to inhibit translation of capped and polyadenylated mRNA or 
mRNA containing the functional TE in cis. sgRNA2 accumulates in large amounts compared to 
gRNA and sgRNAl in viral late infection. As mentioned, the sequence of sgRNA2 coincides with 
that of the in v/vo-active TE. Full-length sgRNA2 is a more efficient /ra/j5-inhibitor than the 
isolated TE105. It inhibits translation of gRNA more efficiently than it inhibits translation of 
sgRNA I. Based on these fmdings, we propose that sgRNA2 serves as a novel regulatory RNA to 
carry out the switch fi'om early to late gene expression through its differential inhibitory effects on 
translation of gRNA and sgRNAl in trans (Appendix). 
In the 3' UTR, TE105 functionally substitutes for a cap structure, in a 5' UTR-dependent 
manner (Wang and Miller, 1995; Wang et al., 1997). Given that ribosomes scan in the 5' to 3' 
direction and polypeptide synthesis initiates at the 5'-proximal AUG, TE105 has to interact with the 
5' UTR. Thus, TEI05 should have at least two fiuictions; one is to communicate with the 5' end of 
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the mRNA, and the other is to recruit translation machinery (initiation factors and ribosomes) to 
facilitate cap-independent translation. TEIOS alone in the 5' UTR can also achieve cap-independent 
translation without the natural viral 5' UTR (Wang et al., 1997). In this scenario, recruiting 
translation machinery at the 5' end should be the only necessary function, while the requirement for 
the 3'-5' communication is alleviated by the 5' position of TE105. 
The question I attempt to answer in this dissertation is how the structure of TEIOS is related to 
the two functions of translation machinery recruitment and 3'-S' communication. In Chapter 2,1 
reveal the highly structured nature of TEIOS as well as the sequence and structural domains that 
relate to its different functions. In Chapter 3,1 reveal the structural basis for the 3'-5' 
communication and its implication for BYDV replication. 
Dissertation organization 
Chapter 2 and Chapter 3 are independent manuscripts and the Appendix is a portion of a multi-
author manuscript. Chapter 2 contains the manuscript we submitted to RNA journal, "Structiu-e and 
function of a cap-independent translation sequence that functions in either the 3' or 5' untranslated 
region". This paper is authored by Liang Guo, Edwards Allen and W. Allen Miller. Edwards Allen 
contributed part of Figure IB of the manuscript, which demonstrates a poly(A^) tail can partially 
replace the additional sequence needed by TEIOS {in v/7ro-active TE) to function in vivo. This made 
it possible to test the TE mutations' function in the 5' UTR in vivo by adding a poly(A6o) tail to the 
3' end of in vitro reporters. Dr. Allen Miller contributed the general design of some experiments and 
closely edited the manuscript; he also had an important role in writing the Discussion of the 
manuscript. 
Chapter 3 contains the manuscript, "A cap-independent translation element fimctioning in the 
3' UTR requires base-pairing interaction with the S' UTR", which is authored by Liang Guo and W. 
Allen Miller. This paper shows both genetic and biochemical evidence for the structural basis of the 
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3'-5' communication function. It demonstrates that base-pairing between a loop sequence in the 5' 
UTR and that of TEI05 in the 3' UTR, which are separated by several kilobases of the coding 
sequence, is required for efficient cap-independent translation and replication of BYDV. 
The Appendix contains parts of the manuscript, "A potential mechanism for selective control 
of cap-independent translation by a viral RNA sequence in cis and in trans", which was published in 
the journal RNA (Wang et al., 1999), and authored by Shanping Wang, Liang Guo, Edwards Allen, 
and W. Allen Miller. Only my contribution and Discussion parts are included. My contribution to 
this publication is Figure 2 and related writings. I located the minimal fully functional TE in vivo to 
the sequence of sgRNA2. This finding provided an important part of the experimental foundation to 
the hypothesis presented in this paper: sgRNA2 serves as a novel regulatory RNA to carry out the 
switch from early to late gene expression through its different inhibitory effects on translation of 
gRNA and sgRNAl in trans. 
In addition to these manuscripts, my dissertation also contains General Introduction and 
General Conclusions as Chapter 1 and 4, respectively. References cited in all chapters are placed in 
the Bibliography section at the end of the dissertation. 
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CHAPTER 2. STRUCTURE AND FUNCTION OF A CAP-INDEPENDENT 
TRANSLATION ELEMENT THAT FUNCTIONS IN EITHER THE 3' OR 5' 
UNTRANSLATED REGION 
A paper submitted to RNA 
Liang Guo, Edwards Allen, and W. Allen Miller 
Abstract 
Barley yellow dwarf virus (BYDV) RNA lacks both a 5' cap and a poly(A) tail, yet it is 
translated efficiently. It contains a cap-independent translation element (TE), located in the 3' UTR, 
that confers efficient translation initiation at the AUG closest to the 5' end of the mRNA. We 
propose that the TE must both recruit ribosomes and facilitate 3'-5' communication. To dissect its 
function, we determined the secondary structure of the TE and roles of domains within it. Nuclease 
probing and structure-directed mutagenesis revealed that the 105 nt TE (TE105) forms a cruciform 
secondary structure containing four helices connected by single stranded regions. TE105 can 
function in either UTR in wheat germ translation extracts. A longer viral sequence (at most 869 nt) 
is required for full cap-independent translation in plant cells. However, substantial translation of 
uncapped mRNAs can be obtained in plant cells with TEI05 combined with a poly(A) tail. All 
secondary structural elements and most primary sequences that were mutated, including a highly 
conserved tract that may base-pair directly to 18S ribosomal RNA, are required for cap-independent 
translation in the 3' and 5' UTR contexts. A seven-base loop sequence was needed only in the 3' 
UTR context. Thus, this loop sequence may be involved only in communication between the UTRs 
and not directly in recruiting ribosomes. This structural and functional analysis provides a 
framework for understanding an emerging class of cap-independent translation elements 
distinguished by their location in the 3' UTR. 
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Introduction 
The 5' m^GpppN cap and a 3' poly(A) tail on eukaryotic mRNAs interact synergistically to 
facilitate translation initiation (Gailie, 1991; Tanin and Sachs, 1995). The structural foundation for 
this synergy is the circularization of the mRNA by protein factors that interact with the cap and the 
poly(A) tail (Wells et al., 1998). Specifically, eukaryotic initiation factor (elF) 4E binds the 5' cap 
(Carberry et al., 1991; Marcotrigiano et al., 1997), poly(A) binding protein (PABP) binds the 
poIy(A) tail (Deo et al., 1999), and each of these proteins binds a different site on the large, adaptor 
protein, eIF4G (Mader et al., 1995; Tanm and Sachs, 1996; Le et al., 1997). Various isoforms of 
these factors and other proteins participate in this process (Browning, 1996; Craig et al., 1998; Gradi 
et al., 1998), but the important notion is that the above interactions bring the cap and the poly(A) tail 
together in a closed loop mRNA (Hentze, 1997). By mechanisms that are not clear, this structure 
greatly enhances the recruitment of the 43S ribosomal subunit initiation complex to the 5' UTR of 
the mRNA. The 43 S complex scans in the 3' direction to the first AUG codon at which point the 
60S subunit joins, initiation factors are released, and protein synthesis begins (Kozak, 1989; Gray 
and Wickens, 1998; Dever, 1999; Preiss and Hentze, 1999). 
The 5' cap and poiy(A) tail also play roles in mRNA stability. Deadenylation and decapping 
are triggers for mRNA degradation (Beelman and Parker, 1995; Beelman et al., 1996). Many 
capped, polyadenylated eukaryotic mRNAs contain elements in their UTRs that modulate 
interactions of the mRNA with translation or degradation machinery. Examples include mRNAs 
translationally regulated by iron responsive elements (Rouault et al., 1996), and numerous mRNAs 
whose translation and localization are controlled by the 3' UTR in early embryo development of 
Drosophila (Gunkel et al., 1998; Sonoda and Wharton, 1999), C. elegans (Goodwin and Evans, 
1997), and vertebrates (Gray and Wickens, 1998). 
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mRNAs of many RNA viruses lack a cap and/or a poly(A) tail, but they compete effectively 
with host capped and polyadenylated mRNAs for the translation machinery. These viral RNAs often 
have special UTRs that substitute for a cap or a poly(A) tail. The best-characterized sequences that 
confer cap-independent translation are the internal ribosome entry sites (IRES) of mRNAs of viruses 
in the Picomaviridae family (reviewed in Jackson & Kaminski, 1995; Ehrenfeld, 1996), Pestivirus 
genus (Poole et al., 1995), and related hepatitis C virus of Flaviviridae family (Tsukiyamakohara et 
al., 1992; Wang et al., 1993; Reynolds et al., 1995). Some cellular mRNAs also have an IRES, even 
though they are capped (Macejak and Samow, 1991; Johannes and Samow, 1998; Chappell et al., 
2000). An IRES is normally a hundreds of bases long, highly structured 5' UTR which can facilitate 
ribosome binding with the assistance of many canonical initiation factors (Jackson and Kaminski, 
1995; Pestova et al., 1996; Kolupaeva et al., 1998). A variety of very different RNAs can have IRES 
activity. The two classes of IRES in the Picomaviridae, the HCV IRES, those of cellular genes, and 
a short sequence in a Tobamovirus that purportedly acts as an IRES (Skulachev et al., 1999) all bear 
little resemblance to each other in primary or secondary structure. Despite considerable research, 
including identification of IRES-binding proteins (Ali and Siddiqui, 1995; Belsham and Sonenberg, 
1996; Ito and Lai, 1997), the exact mechanisms by which these complex structures recruit the 
ribosome is still a mystery. 
In contrast to the above RNAs, Tobacco mosaic virus (TMV) RNA has a 5' cap but no 
poly(A) tail. A pseudoknot-rich domain in the TMV 3' UTR substitutes for a poly(A) tail (Gallie 
and Walbot, 1990), perhaps by binding a common factor which also binds to the TMV 5' UTR in a 
cap-dependent manner (Tanguay and Gallie, 1996). In the case of Rotavirus, which also has capped, 
non-polyadenylated mRNAs, viral protein NSP3A interacts with the viral 3' UTR as well as the 
human eIF4GI in a complex with eIF4A and eIF4E (Piron et al., 1998). Thus, NSP3A substitutes for 
PABP in the interaction between two ends of the mRNA. 
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RNAs of viruses and satellite viruses in the Luteovirus (Allen et al., 1999) and Necrovirus 
(Danthinne et al., 1993; Timmer et al., 1993) genera, and the large Tombusviridae family (Qu and 
Morris, 2000) lack both a 5' cap and a 3' poly(A) tail. However, they can be translated efficiently, 
owing to different translation enhancement sequences residing in their 3' UTRs (Danthinne et al., 
1993; Timmer et al., 1993; Wang and Miller, 1995; Wang et al., 1999; Wu and White, 1999; Qu and 
Morris, 2000). These differ from IRESes in two fundamental ways: they do not confer internal 
ribosome entry, and they are located in the 3' UTR. The structures and mechanism of action of these 
sequences are unknown. 
To investigate this novel translational control via 3' UTR, we use the 5,677 nt genomic RNA 
of Barley yellow dwarf virus (BYDV), a member of genus Luteovirus, which has a particularly 
complex 3' end. Various domains within the 3'-terminal 869 nt of the BYDV genome have different 
functions: (i) cap-independent translation element (3' TE) (Wang and Miller, 1995), (ii) substitution 
for a poly(A) tail (this report), (iii) two subgenomic RNA promoters (Koev and Miller, 2000), (iv) a 
small ORF, and (v) the origin of (-) strand synthesis (Koev and Miller, 2000). At the 5' end of this 
869 nt sequence, resides the 105 nt 3' TE (TE105, nts 4814-4918, gray box in Fig. 1 A), which 
facilitates translation of both genomic and subgenomic RNAs cap-independently in wheat germ S30 
extract (Wang and Miller, 1995; Wang et al., 1999). This sequence can also facilitate cap-
independent translation when located in the 3' or 5' UTRs of reporter genes (Wang et al., 1997; 
Wang et al., 1999). In plant cells, a longer sequence of at most 869 bases at the 3' end of the 
genome (TE869, nts 4809-5677, Fig. 1 A) is necessary for full translation activity. It enhances the 
translation of uncapped mRNA at least 100-fold compared to mRNA lacking a functional 3' TE 
(Wang et al., 1997). The ability of portions of the 3' UTR of BYDV to substitute for a cap and a 
poIy(A) tail make it unlike any known IRES sequence or 3' translational control element of capped 
mRNAs. Thus, the 3' TE, and probably similar elements in the 3' UTRs of uncapped plant viruses 
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(Danthinne et al., 1993; Timmer et al., 1993; Wu and White, 1999; Qu and Morris, 2000), represent 
a new class of cap-independent translation elements and 3' UTR translational control elements. 
Given that ribosomes scan from 5' to 3', and that peptide synthesis initiates at the 5'-proximal 
AUG codon on BYDV RNA, the 3' TE must interact with the 5' UTR either directly or indirectly. 
Thus, we predict that the 3' TE has at least two functions: communication with the 5' end of the 
mRNA, and recruitment of the translation machinery. In this report, we reveal the highly structured 
nature of the TE sequence, and roles of domains within the TE, in cap-independent translation. 
Results 
The 105 nt 3 'TE confers cap-independent translation in vivo, and additional viral sequence 
functionally substitutes for a poly(A) tail 
The 105 nt 3'TE sequence, spanning nts 48I4-49I8 {^^4814-49is or TEI05), is sufficient for cap-
independent translation in wheat germ extract (Wang et al., 1997; Wang et al., 1999). However, 
additional sequence from the viral 3' UTR is necessary for translation in oat protoplasts {in vivo) 
(Wang et al., 1997; Wang et al., 1999). Because TE105 alone provides translational activity equal to 
a cap in vitro (Wang and Miller, 1995), we hy{)othesize that the extra sequence required in vivo 
might provide a functional equivalent to a poly(A) tail. Presence of a poly(A) tail has little effect on 
translation of mRNAs in wheat germ extracts (Doel and Carey, 1976), while it greatly stimulates 
translation of capped mRNAs in vivo (Gallie et al., 1989; Gallie, 1991). 
To test the above hypothesis, we constructed luciferase-encoding mRNAs containing TEI05 
with all possible combinations of a cap and/or a 60 nt poly(A) tail. These transcripts were tested for 
the ability to express luciferase in vivo (oat protoplasts). As a positive control, we used mRNA 
containing the viral 5' UTR and a 3' UTR comprised of 869 viral bases, from base 4809 to the 3' 
end of the genome, base 5677 (5'UTR-LUC-TE869). As shown previously (Wang et al., 1997), this 
mRNA was translated efficiently in oat protoplasts. Its efficiency as a translation template was not 
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stimulated significantly by addition of a cap and/or a poly(A) tail (Fig. IB). In contrast, uncapped 
mRNA lacking viral sequences gave virtually undetectable translation in the absence of either cap or 
poly(A) (vec50-LUC-vec58, Fig. IB). Presence of both these modifications gave translation equal 
to that of uncapped, nonpolyadenylated 5'UTR-LUC-TE869. Uncapped, nonpolyadenylated 
transcript, containing viral 5' UTR and only TE105 in the 3'UTR (5'UTR-LUC-TE105) gave no 
detectable translation. Addition of a poly(A) tail stimulated translation at least 50-fold. Thus, the 
additional viral sequence in the 869 nt 3'UTR (outside of TE105) that is needed for cap-independent 
translation in vivo can be replaced significantly by a poly(A) tail alone, but not by a cap alone (Fig. 
1B). However, this was still four to five-fold below the translation obtained with a cap and a 
poly(A) tail, or that obtained with the 869 nt viral 3'UTR in the absence of a cap. As a negative 
control, we introduced a four base duplication in the BamHUsj? site within TE105 (TE105BF) which 
we showed previously eliminates cap-independent translation (Wang et al., 1997). As expected, this 
completely abolished translation of uncapped mRNAs but had little or no effect on capped and 
polyadenylated mRNAs (Fig. IB). In summary, while TE105 and a cap are interchangeable in vitro, 
these in vivo results suggest that it may be an oversimplification to assume that one sequence 
element perfectly mimics a cap and that another mimics a poly(A) tail. 
The TE must recruit ribosomes to the 5'-proximal AUG, via some form of 3'-5' 
communication. This 3'-5' commimication is obviated when the TE is in the 5' UTR. TE105 gave 
significant cap-independent translation in protoplasts when located in the S' UTR in combination 
with a 3' poly(A) tail (TE105-LUC-vecl5, Fig. IB). This agrees with previous observations in 
wheat germ extract (Wang et al., 1999). This can potentially allow us to separate sequences or 
structures in the TE needed only for 3-5' communication fi-om those needed for other aspects of 
ribosome recruitment, if it is possible to separate these functions. 
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The TE105 sequence has a cruciform secondary structure 
In order to identify functional domains in TE105, we first determined its secondary structure. 
Using the program MFOLD (Zuker, 1989), TE105 is predicted to fold in a cruciform structure with 
three stem-loops (SL-I,-SL-II, and SL-III) and base-pairing (Stem-IV) between the ends of the RNA 
(Fig. 2A). A transcript comprised only of TE105 was used for structural probing. We ensured that 
this transcript is biologically active, by showing that it can inhibit cap-independent translation in 
trans (Fig. 2B, TEIOS as competitor). End-labeled TEIOS and the nonfunctional TEIOSBF mutant 
were probed under nondenaturing conditions with imidazole, ribonuclease T1 and ribonuclease T2, 
which cleave single-stranded nucleotides, and with ribonuclease VI which preferentially cuts 
double-stranded and base-stacked regions. The cleavage pattern (Fig. 2C) supported most of the 
computer-predicted structural elements, with the exception of the predicted three base-pairs 
predicted at the proximal end of Stem-IV, which cleave strongly, indicating that they are 
predominantly single stranded. Also, the two predicted base-pairs at the proximal end of SL-III gave 
ambiguous results (Fig. 2C, D). Ribonuclease probing, performed in the actual buffer conditions 
used for in vitro translation, supported this base-pairing, whereas imidazole cleavage (0.4 - 1.6 M 
imidazole) did not. Interestingly, the GAUC insertion in nonfunctional mutant TEIOSBF had only 
minor effects on the secondary structure. The GAUC bases themselves simply extended the single-
stranded region at the BamHI^jir site (Fig. 2C, D). More subtle changes are apparent elsewhere in 
the TE at the different imidazole concentrations. The mostly single-stranded bases on the proximal 
side of SL-III (between SL-II and SL-III and between SL-III and Stem-IV), and a bulge in Stem-IV 
cut more strongly in TEIOSBF RNA than in TEIOS RNA (Fig. 2C,D). 
Alignment of the TEIOS sequence with those of other isolates supports the existence of much 
of the secondary structure (Fig. 2E). However, the sequence is so highly conserved that only a few 
variations exist to evaluate phylogenetic conservation of the secondary structure. All aligned 
sequences can form the same cruciform structure as the wild type TEIOS. The co-variation of two 
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A;U pairs in Stem-Ill of MAV-PSl, the G:C base pair substitutions (in isolates 2t, 3b, I3t and 
PA V129; Fig. 2E) for the G:U pair in the proximal ends of SL-III of PA V6, support the formation of 
the two base-pairs at the proximal end of the bulged SL-III structure, that were unclear from 
structure probing (Fig. 2C,D). An unusual isolate, PAV129, has two 11-base insertions in Stem-Ill, 
which can form 8 base pairs and extend Stem-Ill for a full helical turn (lower case letters, inset in 
Fig. 2A). Base pair substitutions in isolates FHv2, MAV-PSl and PAV129 also support the Stem-IV 
structure. Predicted loop regions have relatively more sequence variation. Thus, the multiple 
sequence alignment provides additional support for the conservation of the TEIOS secondary 
structure shown in Fig. 2A. 
The conserved 17 nt tract around SL-I is essential for translation initiation 
As mentioned above, we assume that the TEIOS sequence has at least two functions. It must 
participate in recruitment of the translation initiation factors and/or the 40S ribosomal subunit to 
facilitate initiation of translation. It must also facilitate communication with the viral 5' UTR, to 
ensure initiation at the 5' AUG of the mRNA. When the TE105 sequence is located in the 5' UTR, 
the communication function should be unnecessary. These two functions may be associated with 
different portions of TEIOS. To map such domains, deletion and point mutations were introduced 
into TE105, and the ability of the TE mutants to mediate cap-independent translation from either the 
3' or the 5' UTR contexts was assessed. Mutations that knock out only the communication function 
should reduce translation only when the TE is in the 3' UTR, and have no effect when it is in the 5' 
UTR. In contrast, mutations that prevent ribosome recruitment (directly or by blocking initiation 
factor binding), would reduce translation in both contexts. Based on this logic, some mutants that 
did not function in the 5' UTR were not tested in the 3' UTR. For the in vivo functional assay, the 
60 nt adenosine-tract was added to the 3' end of in vitro constructs by cloning. 
To determine the roles of the major internal structures in the TE, sequences encompassing 
each of the three stem-loops in the TE were deleted individually. Every stem-loop deletion 
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destroyed the function of the TE at either the 3' UTR or the 5' UTR (Fig. 3C, mutations ASL-I, ASL-
II and ASL-III) indicating that either the sequence or the secondary structure of these regions was 
critical for translation initiation. 
To determine whether the sequences or the secondary structural domains contribute to the TE 
function, the three stem-loops were mutated at higher resolution. SL-I is part of a seventeen nt tract 
(bases 4837-4853) that is completely conserved (Fig. 2E) in all members of genus Luteovirus, 
soybean dwarf virus (SDV, an unclassified member of Luteoviridae that is the closest sequence 
relative to BYDV; (Miller, 1999), as well as more distantly related tobacco necrosis virus (TNV) 
gRNA (genus Necrovirus), which also has uncapped, non-polyadenylated RNAs (Lesnaw and 
Reichmann, 1970). All mutations in the 17 nt tract were defective both in vitro and in vivo (Fig. 3A 
and 3C). Changing GG\AA4S45^849 to UUUCC or to GGAA (a GNRA tetraloop) eliminated cap-
independent translation (Fig. 3 A and 3C, mutations Ll-ml and LI-m2), indicating that the loop 
sequence of SL-I is important for TE function. 
An interesting feature of the 17 nt conserved region is that sequence GAUCCU^sia-#a.#i can 
potentially base-pair to the AGGAUC sequence located five bases from the 3' end of 18S rRNA 
(Fig. 3A) (Wang et al., 1997). This is about the same distance as is the anti-Shine-Dalgamo 
sequence (mRNA binding site) in prokaryotic I6S rRNA. Although three of the GAUCCU«is-/«« 
bases are base-paired in stem I (Fig. 3 A), we can consider the possibility of RNA "breathing" or 
helicase-melting of SL-I. Moreover, the arrangement of these bases resembles that of the ribosome 
binding site of the extremely efficiently translated coat protein gene of bacteriophage QP, in which 
the three 3' bases of the sequence are in a small stem structure (Priano et al., 1997). A set of 
mutations that disrupted potential base-pairing to 18S rRNA, or within Stem-I, or both was 
constructed. All mutations in this set abolished cap-independent translation with TE105 in the S' 
UTR (Fig. 3C, Sl-ml, SI-m2 and Sl-r), including one that may enhance 18S rRNA binding by 
disrupting SL-1 (Sl-m2). Thus, as indicated by its phylogenetic conservation, the primary sequence 
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in this region is essential for cap-independent translation activity. Because all the mutations 
destroyed the TE activity, we can draw no conclusion about the role of secondary structure of SL-I. 
The secondary structures of SL-ll and SL-i/I are necessary for full cap-independent translation 
SL-II is absent in TNV and SDV RNAs. Only the loop sequence varies among BYDV isolates 
(Fig. 2E). Mutants with disrupted Stem-II lost all (m vivo) or most (in vitro) of the cap-independent 
translation activity with the TE in the 5' or 3' UTR contexts (Sll-ml and SII-ni2, Fig. 38, 3C). The 
double-mutation that restored Stem-II structure regained the full function of the TE at either end of 
the mRNA both in vitro and in vivo (Sll-r, Fig. 38, 3C). Thus, the secondary structure but not the 
primary sequence of SL-II is necessary for the function of the TE. 
To test the function of SL-III, we replaced SL-III of PAV6 (wild type) with SL-III of isolate 
PAV129. SL-III of isolate PAV-129 contains two 11-base insertions that are predicted to extend the 
helix, with three mismatches (Fig. 38). The resulting hybrid TE had 50% of wild type activity in 
vitro in both the 5' UTR and 3' UTR settings. In vivo, this hybrid TE regained full activity of the 
wild type TE (Fig. 3C, SL-III swap). Comparing the hybrid TE with the nonfunctional ASL-III 
mutation (50% vs. 4.5% in vitro, 99% vs. 4% in vivo) suggests that the stem of SL-III also plays a 
role in translation initiation. 
Stem-IV is necessary for TE function in either UTR 
We next determined more precisely the minimal 5' and 3' extremities necessary for the 3' TE to 
function. Deletion of the first 16 bases of TE105 (TE«/<-*9/«, Fig. 4A, 48), resulting in construct 
TE4S30-49I8-, did not affect the TE function in either the 3' or 5' contexts (Fig. 4A, TE.»sio_,9/«)- Also, 
this RNA sequence alone inhibited translation in trans as efficiently as TE105 (Fig. 28). Further 
deletion from the 5' end caused complete loss of function in both settings (Fig. 4A, TEy«7-#9/s). 
Thus, the minimal in v/7ro-de£ined TE is 89 nt (nts 4830-4918). This is enough to maintain Stem-IV, 
while deletion to nt 4837 is not. Truncation of 8 nt from the 3' end (nts 4911-49I8) abolished the 
function of the TE in the 3' UTR but not when located in the 5' UTR (Fig. 4A, TE4S30-4910), making it 
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appear that these eight bases could be required only for the 3'-5' communication (unction (but see 
below). Structure predictions indicate that these eight bases could be part of Stem-IV, or part of a 
pseudoknot by base-pairing between UUGGQ9/i-/9/7and in Loop-Ill (Fig. 4B). 
Both base-pairing possibilities were prevented by mutating bases UUG^p/i-fo/j to AAC. This 
mutation did not affect the function of the 3'TE (Fig. 4A, TE^sjo_#9/aPM). Therefore, neither the 
potential pseudoknot, nor the terminal portion of Stem-IV is necessary for either function of the TE. 
In fact, deletion of the 3' terminal 6 bases of the 3'TE still gave substantial translation (Fig. 4A, 
TE4g3o^9i2), defining the 3' extremity of the TE between nts 4912-4913. 
An interesting question arises: how can deletion of two bases (G49//, LJ49/7) abolish the TE 
function in the 3' UTR while still allowing function of the TE in the 5' UTR context (compare 
TE.rsio-/9/o with 'TE4S3o^9I2 in Fig. 4A)? This was addressed by comparing the predicted secondary 
structures of the functional 5'-located TE«jo-<9/o, including the linker sequences introduced by 
cloning, with the nonfunctional 3'-located TE483o-49io- We found that the linker sequence of TE/«io-
4910 in the 5' UTR context strengthens Stem-IV and the overall cruciform secondary structure (Fig. 
4C). The predicted free energy of TE^aj(W9/o in the 5' UTR context is much more negative (more 
stable) than that of the 3'-located 'YE4S30-4910 (Fig. 4D). MFOLD predicted several alternative 
structures for the 3'-located TE4S30-4910, none of which was as stable as the 5'-located TE^aj(M9/o- In 
addition, Stem-IV and SL-I were absent in the computer predicted structure of 3'-located TE,483o-49to 
(Fig. 4D). To test the role of stem IV, three guanosine residues (lower case, bold. Fig. 4E) were 
inserted into the 5' end of the nonfunctional 3'-located 'YE4S3o-49io- This should strengthen Stem-IV 
by pairing with the CCC sequence at the 3' end, and restore the cruciform structure as in the fiilly 
functional TE^s/^_,9/a (3'-located TE«jtM9/oCLAMP, Fig. 4E). Indeed, this structure provided as 
efficient cap-independent translation in the 3' UTR context, as the functional TE^s/<^9/« (Fig. 4A). 
In summary, these data demonstrate that Stem-IV is essential for the TE to function in either the 3' 
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or 5' UTR context. This provides a reminder that flanking sequences must be carefully considered 
when studying RNA structure and function out of context. 
Loop-lII sequence is required only in the 3' UTR context 
In contrast to the above terminal deletion mutants, we obtained one internal substitution 
mutant that clearly affected cap-independent translation much more in the 3' UTR than in the 5' 
UTR context. Alteration of the loop of SL-III (Loop-Ill) fi^om CUGUCAAvs^j-zsse to AGCGACC in 
the 89 nt 3' TE reduced luciferase activity by four-fold (TE^sio-«9/smL3, Fig. 4A). In contrast, with 
the TE in the 5' UTR, the Loop-Ill mutant gave about 80% of the activity of constructs with wild 
type TE105 (or TE.,sio-<p/s) in the 5' UTR (66.9% for TE^aj(M9/«niL3 compared to 84.6% for TE^^o. 
49/8, Fig. 4A, right column). Introduction of the mL3 mutation into 5'UTR-LUC-TE869 mRNA 
reduced luciferase expression to 0.8% of wild type levels in protoplasts, whereas presence of mL3 in 
a construct with the TE^gjo^gia 5' UTR and an (A)6o tail gave ten times as much luciferase activity. 
This is about half that obtained with TE105-LUC-(A)6o (Fig. 1). Thus, the Loop III has much more 
deleterious effects in the 3' UTR than in the 5' UTR in vivo. A construct containing the wild type TE 
in the 3' UTR, and a plasmid vector sequence in place of the viral 5' UTR, gave 21.2% (in vitro) and 
0.2% {in vivo) as much luciferase activity as with viral 5' UTR. This reduction is similar to that 
caused by the 3' mL3 mutant with the viral 5' UTR (above). These results are consistent with a 5' 
UTR communication function for Loop-Ill, with only a minor role in actual ribosome recruitment. 
Discussion 
The 3' UTR of BYDV can substitute for a poiyfA) tail 
Gene expression from an mRNA with the 105 nt in v//ro-defined 3' TE^si^^g/s, combined with 
a 60 nt poly(A) tail, was about 22% of that from an mRNA with the full 869 nt 3' UTR of BYDV. 
This is more than 50-fold higher than with the same construct lacking the poiy(A) tail. The length of 
the poly(A) tail is very important in vivo, as we found previously that mRNA with TE105 and a 30 
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nt poIy(A) tail translated only one-eighth as efficiently as mRNA with the full 869 nt BYDV 3' UTR 
(Wang et a!.,, 1997). This shows the importance of poly(A) tail length. The packing density of 
PABP on a poly(A) tail is about 25 A's per PABP in yeast (Sachs et al., 1987), so a 30 nt A tract can 
be bound by only one PABP, whereas the 60 nt tail can be bound by at least two. In a poly(A)-
dependent yeast in vitro translation system, Preiss et al. showed that a minimum of two PABPs was 
required for the cooperative interaction with the cap in translation (Preiss et al., 1998). The longer 
poly(A) tail also serves to enhance stability of mRNA in vivo (Beelman and Parker, 1995). It is 
possible that a typical 100 to 200 nt poly(A) tail could completely restore translation to the level 
conferred by the 869 nt 3' UTR. However, addition of a cap did restore full translation to the 
TE105-(A)6O construct, suggesting that some BYDV sequence outside of TE105 is needed for cap-
independent translation only in vivo. More likely, the sequences in the 3'UTR facilitate cap-
independent and poly(A)-independent translation by a mechanism that cannot simply be broken 
down into discrete units that precisely mimic a cap or a poly(A) tail. 
The ability of a heteropolymeric tract of RNA in the 3' UTR to replace a poly(A) tail has been 
shown for other viruses (Gallic and Kobayashi, 1994), including TMV in which a series of 
pseudoknots was shown to facilitate translation in the absence of poly(A) (Leathers et al., 1993). In 
mammalian histone mRNAs, which are not polyadenylated, a simple stem-loop can suffice (Gallic et 
al., 1996). Extensive computer analysis of the BYDV 3' UTR reveals no pseudoknot-rich domain 
resembling that in TMV, but of course numerous stem-loops of unknown function are predicted in 
the 869 nt 3' UTR. Future deletion analysis will allow us to localize the sequence that obviates the 
requirement for a poly(A) tail. 
Structure and potential functions of structural domains within the 3* TEIOS 
Essential structures and sequences within TEI05 suggest intriguing functions. All mutations 
within the 17 nt tract that is conserved in all members of Luteovirus and Necrovints genera, and 
SDV (Wang et al.,, 1997) were non-functional, supporting the essential role of the region. We 
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proposed (Wang et al., 1997) that part of this region, GAUCCU^ai^^vj. may base-pair to I8S rRNA 
to promote translation initiation by a prokaryote-like mechanism (Fig. 3A). Consistent with this 
model, all mutations that destroyed this potential base-pairing, including those that maintained the 
secondary structure of the TE, abolished cap-independent translation. The complete lack of activity 
in TE105BF mutant with the GAUC insertion in this region (Wang et al., 1997) is consistent with 
this model. However, the GAUC insertion did cause additional, if minor, alterations to the 
secondary structure in the TE (Fig. 2C,D) which may be crucial for its function. Moreover, 
differences in migration in nondenaturing gel electrophoresis suggests differences in tertiary 
structure between TE105 and TE105BF (E. Allen, personal commimication). 
Direct base-pairing between mRNA and 18S rRNA has been proposed for poliovirus 
(Pilipenko et al., 1992) and other IRES function (reviewed in Scheper et al., 1994). Recent evidence 
indicates that translation of mRNAs can be affected positively (Chappell et al., 2000) or negatively 
(Hu et a!., 1999; Verrier and Jean-Jean, 2000) by base-pairing to different sites in 18S rRNA. 
Chappell et al. (Chappell et al., 2000) showed that repeats of a nine-base tract complementary to 18S 
rRNA bases 1132-1124 can function as an IRES when incorporated into a dicistronic mRNA. 
However, while TE105 confers cap-independent translation, it does so only at the 5'-proximal AUG, 
and it does not confer intemal initiation like an IRES does (Allen et al., 1999). We cannot conclude 
that the underlying mechanism for recruiting translation machinery is based on this base-pairing 
because we have mutations only on the mRNA side of the proposed mRNA-l8S rRNA interaction. 
This awaits direct demonstration of interactions between the two RNAs. 
Instead of (or in addition to) direct base-pairing, we favor a model in which recruitment of 
ribosomes to the TE is mediated by protein factors. SL-I has features of a known stem-loop that 
interacts specifically with two proteins. Its loop sequence, GGKAA4845-4S49, fits the consensus of a 
GNRNA pentaloop, a structure that forms a GNRA tetraloop fold with the fourth base (N) 
protruding from the loop (Legault et al., 1998). This pentaloop structure in E. coli boxB mRNA is 
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bound specifically by the bacteriophage k N protein and host NusA protein in the transcription 
antitermination process. Replacement of the SL-I loop in the TE with a tetraloop, or a completely 
different five base sequence inactivated the TE. Thus, SL-I may be involved in recruiting one or 
more proteins to the TE in a fashion similar to that of E. coli box B RNA. 
The base-paired regions of SL-II and SL-III tolerate sequence changes as long as the 
secondary structure is maintained. SL-II also tolerates changes in the loop and its structure is not 
conserved outside of the Luteovirus genus, suggesting that SL-II may play no direct role in 
translation, and that the stem-disruption mutations acted indirectly by causing major rearrangements 
of the structure elsewhere in the TE. Deletion of SL-II, which could also affect the overall tertiary 
structure of TE105, reduced cap-independent translation to background levels (ASL-II, Fig 3B,C). 
Deletion of SL-III also eliminated activity while two large (II nt) insertions from PAV129 reduced 
translation by only half in vitro and had wild type activity in vivo. Combined with the structure 
probing data, this suggests that SL-III exists and is essential. 
Role of 3 '-S' interactions in cap-independent translation 
The only mutation (mL3) that knocked out cap-independent translation in the 3' UTR but not 
the 5' UTR (that cannot be explained by compensating, vector-derived secondary structure as in 
TE^sio-<9/o) was the mutation of the loop in SL-III (Loop III). The simplest explanation is that Loop-
Ill is involved primarily in 3'-5' communication, with little or no role in actual recruitment of the 
ribosome. For this or any other mutation, it might be considered that an RNA stability element, 
rather than a translation element, has been disrupted. In the case of mL3, it would be a 3' UTR-
specific stability element. However, we showed previously that deletion of the entire 3' TE had no 
detectable effect on mRNA stability in vitro (Wang and Miller, 1995) or in vivo (Wang et al., 1997). 
Therefore, we assume that the mutations introduced here affected functions more directly related to 
translation. Thus, the loop of SL-III appears to be involved primarily in 3'-S' communication and 
not directly in ribosome recruitment. 
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How the TE interacts with the 5' UTR or at least the S'-proximal AUG where initiation takes 
place, is still unknown. This awaits analysis of the viral 5' UTR and factors that interact with the 3' 
TE. The 5' UTRs of BYDV genomic RNA and subgenomic RNAl are both compatible with the 3' 
TE (Wang et al., 1999), but a vector-derived 5' UTR (Results) or the highly active Q 5' UTR 
sequence from TMV (Wang et al., 1997) gave only low levels of cap-independent translation in the 
presence of the 3* TE. Thus, there seem to be specific sequences in the BYDV 5' UTRs that 
participate in communication with the 3' TE, although there is little sequence similarity between 5' 
UTRs of BYDV genomic RNA and subgenomic RNAl. The possibility of direct base-pairing with 
the 5' UTR was tested for the 3' cap-independent translation element of Satellite tobacco necrosis 
virus (STNV) RNA, which is functionally similar to TE105, but bears no significant sequence 
similarity (Wang et al., 1997). Covariation mutagenesis did not support base-pairing between UTRs 
of STNV RNA (Meulewaeter et al., 1998). Another possibility is that the interaction is mediated by 
proteins that bind each UTR. HCV RNA may provide an example of this. Like BYDV RNA, HCV 
RNA lacks a cap and a poly(A) tail. HCV differs by having a complex IRES that spans the 5' UTR 
and 5' end of the coding region (Reynolds et al., 1995), but like BYDV, it has an additional sequence 
(98 nt "X region") in the 3' UTR that enhances cap-independent translation (Ito et al., 1998). 
Pyrimidine tract binding protein (PTB) binds both the IRES (Ali and Siddiqui, 1995) and the X 
region (Ito and Lai, 1997), suggesting that PTB may be involved in 3-5' UTR communication. 
However, the X region stimulates translation by only two- to three-fold, even in the absence of the 
internal PTB-binding site. Thus, it is not mimicking a cap or a poly(A) tail. 
TTie biochemical mechanism by which circularization of normal mRNAs, or the above unusual 
RNAs, facilitates ribosome recruitment is not yet clearly understood. The mechanism is different 
than that of capped, polyadenylated mRNAs because this 3-5' interaction occurs in wheat germ 
extract, yet it is insufTicient in vivo. Within the 869 nt 3' UTR, but outside of TE105, exist additional 
sequences necessary for full cap-independent translation only in vivo, and other sequences that can 
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be substituted by a poly(A) tail, that are also necessary only in vivo. Thus, the f>oly(A)-like 
interaction required of normal mRNAs may also be necessary for the TE-mediated cap-independent 
translation in vivo, but it is also likely that it is an oversimplification to assume sequence domains 
precisely mimic a 5' cap or a poly(A) tail. It is clear that BYDV and related uncapped, 
nonpolyadenylated viruses have evolved a new mechanism for efHcient translation initiation while 
avoiding mRNA degradation. The secondary structural requirements of the BYDV 3' TE 
determined here will provide a basis for future mechanistic studies of this new class of cap-
independent translation elements. 
Materials and methods 
Plasmid constructs 
All constructs were verified by sequencing on an ABI 377 automated sequencer. Secondary 
structures of all the TE mutants were checked using MFOLD program (Zuker, 1989) to ensure that 
the predicted structures, other than those we intended to alter, were maintained. RNA constructs 
used in this study were made from the following four groups of plasmids. Set I: in vitro function 
reporters of TE105 and mutants in the 3' UTR; Set II: in vitro function reporters of TE105 and 
mutants in the 5' UTR; Set III: plasmids with a poly(A)6o tail including all the in vivo 5' UTR 
function reporters and most of the in vivo 3' UTR function reporters; Set IV: plasmids pS'UTR-
LUC-TE869 and pvec50-LUC-vec58-(A)6o. 
Set I: The parent plasmid pLUC869 (Wang et al., 1999) contains the T7 promoter, viral 5' 
UTR, luciferase reporter gene (LUC) and TE869 (BYDV bases 4809-5677) in the 3' UTR. Sets of 
mutagenesis primer pairs (with Acc65\ linker on the 5' primers and Smal linker on the 3' primers) 
were used to amplify TE105 and its mutants from pLUC869. The PCR products were then cut with 
Acc65\JSma\ and ligated into pLUC869 digested with Acc65\/Smal to replace the wild type TE869 
sequence. 
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Set II: PCR-amplified and 5ssHII-digested TE105 sequence (bases 4814-4918 with 
linkers) was inserted into the 5MHII-linearized pLUC869 is a unique site just upstream of 
the LUC start codon). This generated an intermediate plasmid, p5'UTR-TE105-LUC-TE869. The 
entire TE105-LUC fragment was amplified by PGR and cut with Acc65J; the other end was left 
blunt. This fragment was ligated into the multiple cloning site of pGEM3Zf([+) (Promega, Madison, 
WI) that had been cut with EcoICRI (blunt end) and Acc65l. The resulting plasmid is pTE105-LUC. 
All mutations of TE105 in the 5' UTR were made by replacing it, first by digestion with and 
Klenow, then by insertion of the PGR products with mutated TE105 sequences from Set I. 
Set III: p3'8, which contains a 60 nt poly(A) tract, was a generous gift from Andy White, York 
University. A Vsp\ site was introduced adjacent to the (A)6o tract by digestion with £coRJ, treatment 
with Klenow enzyme, and religation. The poly(A) sequence was amplified by PGR and digested 
with Small Sail (introduced in the PGR primers), and then ligated into 5>naI/5a/I-digested pLUG869 
to generate p5'UTR-LUG-TE869-(A)6o. All other (A)6o plasmids were generated by the same 
strategy, but used S'/wal/Sfl/I-digested (A)6o fragment from p5'UTR-LUC-TE869-(A)6o instead of the 
PGR product. 
Set IV: pLUG869 (Wang et al., 1999) was renamed as p5'UTR-LUG-TE869 in this report. 
pvec50-LUG-vec58-(A)6o was generated by ligating the (A)6o fragment into 5/t/I/5a/I-digested 
pGEM-LUG (Promega). 
RNA preparation 
The RNAs were synthesized by in vitro transcription with T7 or SP6 polymerase using 
Megascript (for uncapped RNAs) or mMessage mMachine (for capped RNAs) kits (Ambion, Austin, 
TX). Set I plasmids and p5'UTR-LUG-TE869 were linearized with Sma\, giving transcripts 
containing the viral 5' UTR, LUG and the TE sequences (or mutant derivatives). Set //plasmids 
were linearized with ////idlll, to generate transcripts containing TE105 (or mutants), LUG and a 40 
base vector sequence as the 3' UTR. Set III plasmids and pvec50-LUG-vec58-(A)6o were linearized 
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with Fspl giving transcripts ending with the sequence: (A)6oCGUUA. The RNAs used for structural 
probing and /ra«5-inhibition were made from Set 11 plasmids cut with Xbal, which is about 30 nt 
downstream of the LUC AUG. RNA integrity was verified by 1% agarose gel electrophoresis. 
In vitro translation 
Non-saturating amounts of RNAs (0.3 picomole) were translated in wheat germ extract 
(Promega) in a total volume of 25 |il (Wang and Miller, 1995). In RNA competition experiments, 
the RNAs were mixed with the competitor RNA prior to addition to the translation reaction. After 
one hour incubation at 25°C, 3 ^l of the translation mix was added to 50 ^l Luciferase Assay 
Reagent (Promega), and measured immediately, as per manufacturer's instructions, on a Turner 
Designs TD-20/20 luminometer. 
In vivo translation 
Three picomoles of RNA transcript were electroporated into 10® oat protoplasts as in Wang et 
al. (Wang et al., 1997). After 5 h, protoplasts were collected and lysed in 100 |il Passive Lysis 
Buffer (Promega) by shaking for 15 min at room temperature. 50 jal Luciferase Assay Reagent 
(Promega) was mixed with 10 protoplast lysate supernatant and measured as described. Protein 
concentration of each sample was measured by the Bradford method to normalize luciferase activity 
for each sample. 
RNA secondary structure probing 
Twenty picomoles of RNA were dephosphorylated and 5' end-labeled with ^^P, using 
polynucleotide kinase and y-^^P-ATP (Dupont-NEN). The labeled RNA was purified on a 6% 
polyacrylamide, 7M urea denaturing gel, and the full-length RNA band was eluted (Miller and 
Silver, 1991). The amount of recovered RNA was determined by liquid scintillation counting. T1 
and V1 nuclease probing were performed as described by Miller & Silver (1991) except the reaction 
buffer was the same buffer as in wheat germ extract translation reactions: 24 mM HEFES/KOH, pH 
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7.6, 2 mM MgCh, 133 mM KAc, and 0.8 unit/^l RNasin. A T1 sequencing ladder was generated 
under denaturing conditions as described in Miller & Silver (1991). Structural probing with 
imidazole was performed in 40 mM NaCl, 1 mM EDTA, lOmM MgC^ with 0, 0.4, 0.8, or I.6M 
imidazole for 15 h as described in (Vlassov et al., 1995). Probed products were separated on an 8% 
polyacrylamide, 7M urea sequencing gel. The gels were dried and exposed to Phosphorlmager 
screens for 24 h and visualized by a STORM 840 Phosphorlmager (Molecular Dynamics). 
Secondary structure prediction and muitipie alignment 
The MFOLD program (Zuker, 1989) in the GCG software package (GCG, Madison, WI) was 
used to predict the secondary structure of the TE and all mutants. The default parameters were used, 
with the exception of the temperature that was set to 25°C as our in vitro and in vivo translation 
reactions. Multiple alignments were performed by using CLUSTAL W (Thompson et al., 1994) 
from NCSA Biology WorkBench fhttn:/'/biolotzv.ncsa.uiuc.edu/). 
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Figure legends 
Fig. 1. (A) Genome organization of BYDV. Open reading frames are numbered and the 
molecular weight of the encoded protein indicated in kilodaltons (K). Bold lines indicate genomic 
(g) and subgenomic (sg) RNAs. Hatched box indicates the viral 5' UTR; shaded box indicates the 
105 nt in v/7ro-active 3'TE (TEI05). Sequence between the vertical dashed lines (bases 4809-5677) 
contains the sequence of in v/vo-active 3'TE (TE869). (B) Relative luciferase activities in 
protoplasts 5 hr after electroporation of oat protoplasts with the indicated RNA transcripts. 
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Constructs are named for the 5UTR-LUC-3'UTR, with each separated by hyphens. The number of 
nucleotides in each UTR is indicated, except for the 5'UTR which indicates the 143 nt BYDV 5' 
UTR. Vec indicates plasmid vector-derived sequence. Uncapped and non-polyadenylated 5'UTR-
LUC-TE869 (containing the full BYDV 3' UTR sequence needed for translation in vivo) is defined 
as having 100% activity. Polyadenylated RNAs contain the 60 nt poly(A) tail derived from the 
plasmid vector as described in Materials and Methods. Each construct was tested with all four 
combinations of a 5' cap and a 60 nt poly(A) tail. Each RNA was tested at least in triplicate in at 
least 3 different experiments. Standard error is shown. 
Fig. 2. (A) Computer-predicted (MFOLD) secondary structure of TBI 05 and nonfiinctional 
TE105BF RNAs. The inset shows the predicted SL-III structure of isolate PAV129, with the two 
11 -base insertions indicated in lower case. (B) Effect of adding wild type or mutant TE transcripts 
on translation of uncapped 5'UTR-LUC-TE 105 mRNA (0.1 picomol) in wheat germ extract. 
Subscripts indicate BYDV bases present in the transcript. TE105 indicates the TE^s/^^p/a transcript. 
TE105BF is TE105 with a four-base (GAUC) duplication in the BamHUss? site. Relative translation 
is defined as percent of relative light units obtained in absence of competitor, measured after 1 hr. 
(C) Partial hydrolysis of 5' end-labeled TE105 and TE105BF RNAs with structure-sensitive 
chemicals and nucleases. RNase treatment and imidazole concentrations are indicated above each 
lane. Nuclease digestion was performed in the nondenaturing, ionic conditions used for in vitro 
translation (see Methods), except the dTl lane which was done in denaturing conditions (55°C, 7 M 
urea). Vertical bars beside gels indicate regions where TE105 and TE105BF differed slightly in 
imidazole sensitivity. (D) TE105 secondary structure superimposed with the en2fymatic and 
chemical cleavage sites. Curved lines indicate regions that were cut more strongly by imidazole in 
TEI05BF. (E) Multiple alignment of TE105 region of different BYDV isolates with the following 
Genbank accession numbers: PAV6 (X07653), P (Dl 1032), JPN (D85783), FHvl (AJ007491), 
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FHv2 (AJ007492), 13t (X80050), MAV-PSI (DI1028), PAV129 (AF218798). Sequences 2t, 3b, 
cloutier, and RG are from Chaioub et al. (Chalhoub et al., 1994). Stem-loops (SLs) are indicated by 
converging arrows above the aligned sequences, with bulges as dashed lines. Base-paired regions 
are shaded. 
Fig. 3. Effect of mutations in TEI05 on translation activity. The mutated bases are shown in 
bold with the effects on base-pairing indicated by boxed regions. (A) Mutations in SL-I. The 
sequence of the 3' end of 18S rRNA and potential base-pairing is shown in gray. (B) Mutations in 
SL-Il and SL-III. (C) Relative luciferase activity (to relative light units produced by constructs with 
viral 5' UTR and TBI05 in 3' UTR) produced by translation of mRNAs containing the indicated 
mutants of TE105 in the UTRs indicated by the maps at top of table. The 3' UTR in vivo reporters 
have an additional 60 nt poly(A) tail downstream of TE105. 
Fig. 4. Effect of terminal deletions and internal mutations of the TE on translation in vitro. 
(A) Maps of mutants and translation activity. The thick line indicates the sequence of TE105; 
converging arrows show stems, and the numbers indicate the end points of the truncations. Thin 
lines are maps of mutant TE sequences used in UTRs of luciferase-encoding transcripts. * denotes 
GAUC (BF) insertion at BamHl48j7 site. *** indicates three-base mutation in TE^«j<m9/«PM, 
AGCGACC indicates substitution in Loop-Ill for bases CUGUCAA<a«j_/ja9, and ggg shows the three 
guanosines added to the 5' end of TE.*ajo-y9/oCLAMP. The relative luciferase activity produced by 
translation in wheat germ extract of the transcripts containing the different TE mutants in both the 5' 
and 3' UTR contexts (see maps at top right) are shown to the right of each mutant. The relative 
activities in percent of relative light units produced by 5'UTR-LUC-TE^«//-<9/s construct are shown, 
along with standard deviations. (B)-(E) Secondary structures and free energies of TE mutants 
predicted with MFOLD. Lower-case letters depict vector-derived sequences. Underlined bases in 
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panel B participate in potential pseudoknot structure between the SL-III loop and the 3' end of 
TE105. The three arrows in (B) show the three point mutations that disrupt the potential 
pseudoknot. The bold "ggg" in (E) indicates the 5' end insertion that is predicted to restored the 





























Relative luciferase activity (%) 
















SL-W AG Z -34.4 kcal/mol A 'C 














TE<OS S 8 S ^ 










>- ImMaioia atfong cut 
> Imldatola waak cut 
T RNaaaTI •trongcut a— 
t RNaaaTI waakcut A u SL-M 
-»-RNaaaVl cut #CmG> 4 k 
^ 
Stwn-IV SL-I SL-II SL-III St«m-IV 
•< 
PAV6 P jrm 
AOMC-AAC 
..00-... 
a • • • 
ntrs ..00-... ...at a»a • • • • • • • 
2t,3b,13t 
.ou.-...  a • •• • •• •••••a••• 
RO .oo.-... • aa« a • •• 
clouciar .oo.-...  a ••• ao • ••••••••* 
KAV-rsi ...oc...  a »a* • •• • * • afB^ • • 











. C  U  A G  G  /  
. U 1 8S rRN, 
B 
SL-I G A sii^, sii^ 
•AAG m-m 






in wge In protoplasts 
Fig. 3. 
TC riini m rurn stc 
1 LUCl- ^-UlCJ —1 LUC 1— 
TE4«r«4*<» 100.0± 2.2 100.0±11.4 
BF 4.4 ± 0.1 5.2 ±0.2 1.7 ±0.2 
ASL-I 6.3 ± 0.9 4.4 ±0.1 2.2 ±0.1 
ASL-II 6.1 ± 0.9 3.9 ±0.3 1.4 ±0.2 
j&SL-<ll 4.6 ±0.2 4.5 ± 0.1 4.0 ±0.6 
UhkI 6.811.2 5.0 ±0.6 4.4 ±0.5 
Ll-ni2 4.6 ± 0.5 4.4 ±0.1 1.7 ±0.2 
Sl-fn1 3.1 ± 0.4 — 
Sl-in2 2.7 ±0.5 — — 
S»-f 2.9 ±0.1 — — 
Sllnnl 30.0 ±2.1 11.0 ±0.5 3.7 ±0.2 
Sll-in2 19.2 ±0.3 18.6 ±0.8 ^3±0.6 
Sll-r S6.1 ±0.5 89J±0.> 7S.0±3.6 
SL-HI swap 50^  ± 1.1 49.9 ±0.9 99.4 ±4.2 
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CHAPTER 3. A CAP-INDEPENDENT TRANSLATION ELEMENT 
FUNCTIONING IN THE 3' UTR REQUIRES LONG-DISTANCE INTERACTION 
WITH THE 5' UTR 
A paper prepared for submission to Proceedings of the National Academy of Sciences USA 
Liang Guo and W. Allen Miller 
Abstract 
In order to initiate translation, eukaryotic mRNAs form a loop via initiation factors that bind to 
the 5' cap and poly(A) tail. A 105 nt RNA sequence known as the cap-independent translation 
element (TE105) in the 3' UTR of barley yellow dwarf virus (BYDV) RNA facilitates translation of 
the uncapped mRNA. TE105 has two functions in the 3' UTR: 3'-5' communication and translation 
machinery recruitment. We assigned the 3'-5' communication function to a 7-base loop sequence in 
stem-loop (SL) III of TE105. The 3'TE interacts with the 5' UTR, which is shown to have four 
stem-loops by RNA structural probing. Only the fourth stem-loop (SL-IV), which also has a 7-base 
loop, is required for cap-independent translation mediated by the 3' TEI05. The sequences of the 
above two loops in the different UTRs differ only at the middle (fourth) base. These two loops are 
also complementary to each other at the middle 5 bases. Mutations that make the loop sequences 
identical in both UTRs and disrupt the complementarity greatly reduced cap-independent translation 
both in vitro and in vivo. A double mutant that exchanges the loop sequences and restores the 
complementarity partially rescues the translation. Constructs with SL-III of TE105 duplicated in the 
5' UTR in place of the viral 5' UTR did not guide cap-independent translation, but a point mutation 
in the 5' SL-III of TE105 that allowed base-pairing with the 3' SL-III gave full cap-independent 
translation. RNA structural probing by ribonuclease T1 supported the possibility of this long­
distance interaction. Viral replication was greatly reduced by the mutations that disrupt the 
complementarity, and was partially rescued by the mutation that restores it. These results 
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demonstrate that long-distance base-pairing between the loops of the 5' and 3' UTRs, which are 
separated by several kilobases of coding region, is required for TE105-mediated cap-independent 
translation. Placing a stable blocking stem-loop in the 5' end of the 5' UTR SL-IV abolished 
translation, while placing it 3' of the 5' UTR SL-IV did not. Therefore, ribosomes must scan from 
the 5' end of the RNA as is the case for cap-dependent translation. This provides evidence for a new 
mechanism for circularization of mRNA that is necessary for efficient translation initiation. The 
closed-loop conformation of the mRNA (for 3'-5' communication) could be a common theme for the 
efTicient translation for the translation of both capped and uncapped mRNAs. 
Introduction 
Eukaryotic mRNAs are distinct from prokaryotic mRNAs by their two modified ends: a 5' 
ni^G(5')ppp(5')N cap structure and a 3' poly(A) tail. The cap and poly(A) tail function 
synergistically in translation initiation (Gallie, 1991; Tarun and Sachs, 1995), the stage at which 
most translation regulation occurs. The structural foundation for this synergy is the closed-loop 
conformation of the mRNA assisted by protein-mediated interactions between the cap and poly(A) 
tail (3'-5' communication). The communication between the ends has been long hypothesized 
(Baglioni et al., 1969) and finally visualized by atomic force microscopy (Wells et al., 1998). The 
proteins involved in the communication include at least eukaryotic initiation factor 4F (eIF4F) and 
poly(A) binding protein (PABP in mammals and plants, Pablp in yeast). Mammalian eIF4F is 
comprised of three different subunits (Merrick and Hershey, 1996): eIF4E, a cap binding protein; 
eIF4G, a molecular scaffold with multiple binding sites to the other initiation factors (Hentze, 1997); 
and elF4A, an RNA-dependent ATPase (Grifo et al., 1984). Plant cells contain two forms of eIF4F 
complex: eIF4F, which contains a homolog of mammalian eIF4G (p220) and that of eIF4E (p26), 
and eIFiso4F, an isozyme form of eIF4F consisting of eIFiso4G (p86) and eIFiso4E (p28). eIFiso4F 
has the same functional properties as eIF4F but is more abundant in plant cells (Browning, 1996). 
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eIF4A is not considered as a subunit of eIF4F in plant cells (Browning, 1996), but may play the 
same biological roles as in mammal cells. For mammalian or yeast mRNA, the interaction of cap-
eIF4E with eIF4G and PABP-poly(A) tail with eIF4G bring the two ends together (Sachs and Davis, 
1989; Lamphear et al., 1995; Tarun and Sachs, 1996; Marcotrigiano et al., 1997; Smith et al., 1997; 
Imataka et al., 1998; Deo et al., 1999). For plant mRNA, the interactions of cap-eIFiso4E with 
elFiso4G and PABP-poly(A) tail with eIFiso4G can also bring the two ends together (Carberry et al., 
1991; Metz and Browning, 1996; Le et al., 1997). Additionally, an alternative interaction bridge in 
mammalian mRNA involves interactions of PABP-PAIP (PABP-interacting protein-1), PAIP-eIF4A 
and eIF4A-mRNA was proposed (Craig et al., 1998). 
mRNAs of many positive-stranded RNA viruses lack a cap and/or a poly(A) tail. However, 
their translation competes with that of capped and polyadenylated cellular mRNAs by using part of 
the host translation machinery. To compete actively, many viruses turn off or reduce host translation 
by sabotaging the translation initiation complex. Usually, viruses alter only part of the whole 
complex, because they still need most of the host canonical translation factors and ribosomes for 
their own translation. 
Many viruses evolved means of breaking the communication bridge between the two ends of 
cellular mRNAs and abolishing their translation synergy. Some members of the Picomaviridae 
family do this by cleavage of eIF4G by viral-encoded protease. Host translation is thus greatly 
reduced (Etchison et al., 1982; Devaney et al., 1988; Lamphear et al., 1993). Each of these viral 
RNAs has a long and highly structured internal ribosome entry site (IRES) in the 5' UTR. The IRES 
recruits the ribosomal subunits and alleviates the requirements for a cap and cap binding protein, 
eIF4E, for translation of viral mRNAs (reviewed by Ehrenfeld, 1996; Jackson and Kaminski, 1995). 
IRES-driven translation is actually enhanced by the C-terminal eIF4G cleavage product (Ohlmann et 
al., 1995; Ohlmann et al., 1996; Borman et al., 1997). Besides eIF4G, PABP can also be cleaved by 
infection of poliovirus or coxsackivirus (Joachims et al., 1999; Kerekatte et al., 1999). In some 
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picomavirus infections, viruses can disrupt the 3'-5' communication bridge of cellular mRNAs by 
targeting elF4E, which is required only for cap-dependent translation. Dephosphorylation of eIF4E 
disrupts its cap binding activity (Sonenberg, 1994). An eIF4E inhibitor (eIF4E binding protein-1) 
can be activated by phosphorylation. It binds to eIF4E, blocking the interaction between eIF4E and 
eIF4G (Haghighat et al., 1995). Furthermore, rotavirus-encoded NSP3A protein evicts PABP from 
the communication bridge of the host mRNAs in viral infection (Piron et al., 1998). 
The viral RNAs need to be translated actively. Constructing the different (from the host) 3'-5' 
communication between the viral RNA terminal elements is an option. End-interactions of mRNAs 
has been reported in the poly(A)-independent translation in both tobacco mosaic virus (TMV) and 
rotavirus, which have naturally capped but not polyadenylated mRNAs. A pseudoknot-rich domain 
of TMV 3' UTR substitutes for a poly(A) tail (Gallic and Walbot, 1990), perhaps because it interacts 
with a common factor which can bind to the TMV 5' UTR in a cap-dependent manner (Tanguay and 
Gallie, 1996). In the case of capped rotavirus mRNA, viral protein NSP3A interacts with the viral 3' 
UTR as well as the human eIF4GI in a complex with eIF4A and eIF4E (Piron et al., 1998). Thus, 
NSP3A mediates the interaction of the ends of viral mRNA for the competitive translational 
advantage of the rotavirus. Both examples suggest that the 3'-5' communication of the viral mRNA 
can be reestablished with the assistance from a few proteins other than the canonical initiation 
factors. 
Recently, cooperative translation enhancement between the 5' UTR and the 3' UTR was 
reported in the mRNAs of barley yellow dwarf virus (BYDV) (Wang and Miller, 1995; Wang et al., 
1999), tobacco etch virus (TEV) (Gallie et al., 1995; Niepel and Gallie, 1999), satellite tobacco 
necrosis virus (STNV) (Danthinne et al., 1993; Meulewaeter et al., 1998), tumip crinkle virus (TCV) 
(Qu and Morris, 2000) and tomato bushy stunt virus (TBSV) (Wu and White, 1999). Some of these 
viral RNAs have the 3' cap-independent translation elements in their 3' UTRs, such as the 3' 
translational element (3'TE) in BYDV RNA, the translational enhancer domain (TED) in STNV 
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RNA and the 3' cap-independent translational enhancer (3'CITE) in TBSV RNA. These 3' elements 
may recruit ribosomes directly or indirectly for the translation initiation. However, the question 
arises as to how ribosomes arrive at the 5' end, where translation initiates. 3'-5' communication was 
suggested based on the requirement of the specific 5' UTR for specific 3' elements to function in 
cap-independent translation (Danthinne et al., 1993; Wang et al., 1997; Qu and Morris, 2000). 
However, no direct evidence has been reported to support this proposed communication. 
We consider that two functions are needed for the 3' TE to facilitate cap-independent 
translation: 3'-5' communication and translation machinery recruitment (e.g. recruiting translation 
initiation factors and ribosomes). Previously, we reported that a 105 nt 3'TE (TE105) enhances cap-
independent translation from either UTR of the mRNA. TE105 has a conserved cruciform 
secondary structure comprised of three stem-loops (SL-I, SL-II and SL-III) and a base-paired region 
between its ends (Stem-IV). The overall structure and a conserved 18-base sequence comprising 
SL-I region are necessary for the translation machinery recruitment function (Guo et al., 2000). 
In this report, we provide both genetic and biochemical evidence that regions in the 3'TE and 
5' UTR are directly base paired, and this base-pairing facilitates cap-independent translation. This 
reveals a new mechanism for the 3'-5' communication to form a translationally competent mRNA. 
In addition to this long-range RNA-RNA interaction, this cap-independent translation mechanism 
also requires a relatively non-structured 5' end. This communication is also needed for viral 
replication, probably because translation of the replicase requires the closed-loop it\RNA. 
Materials and methods 
Plasmid constructs 
All constructs were verified by sequencing on an ABI 377 automated sequencer. In Figure 
IC, the in vitro reporters with full-length or different truncations/substitutions of the viral 5' UTR 
were made from plasmid p5'UTR-LUC-TEI05, and the in vivo reporters were made from pS'UTR-
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HJC-TE869 (Guo et al., 2000). The truncations/substitutions of the reporters' 5' UTRs from both 
ends were generated by PGR. For the 5' truncations, a set of 5' primers with 5' EcoRl linkers was 
made starting from the positions indicated in Figure IC. The 3' primer started from the 3' end of 
LUC on the anti-sense strand. The PGR amplification products were cut with fcoRI to generate 
fragments with fcoRI sites at both ends (one is an internal Eco91 site in LUG). These fragments 
replaced the fcoRI-fcoRJ fragment containing the full-length 5' UTR of the fcoRI-linearized 
p5'UTR-LUG-TE105 (i/i vitro reporter) or p5'UTR-LUG-TE869 {in vivo reporter). The 3' deletions 
were made similarly by a 5' primer in the vector upstream of the 5' UTR and a set of 3' anti-sense 
primers at the points of deletions shown in Figure IG. The 3' substitution bases were introduced in 
the 3' primer. The blocking stem-loop (B-SL) in Figure 5A was introduced into the different 
positions of the 5' UTR by PGR similar to the substitution mutations above. The sequence of the B-
SL was used as in (Kozak, 1986) with a modification to introduce the restriction enzyme site 
for cloning. This B-SL forms a stable structure with predicted free energy of-34.4 kcal/mol. The 
point mutations in Figure 2B, Figure 3 and Figure 4 were all generated by PGR. Two 
complementary primers with a designated point mutation were used with two other flanking primers 
to perform PGR. PGR generated two fragments overlapping to each other at the position of the 
mutagenesis primers. These two products were mixed as templates, and the two flanking primers 
were used again to generate the longer PGR product containing the point mutation introduced by the 
mutagenesis PGR primers in the first round. The mutated PGR product was cut with flanking 
restriction enzymes to replace the wild type fragment. 
RNA preparation 
The RNAs were synthesized by in vitro transcription with T7 polymerase using Megascript 
(for uncapped RNAs) or mMessage mMachine (for capped RNAs) kits (Ambion, Austin, TX). The 
RNA integrity was verified by 1% agarose gel electrophoresis. 
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In vitro and in vivo translation 
0.3 picomole RNA was translated in wheat germ extract (Promega) in a total volume of 25 jil 
(Wang and Miller, 1995). After one hour incubation at 25°C, 3 |il of the translation mix was added 
to 50 |jI Luciferase Assay Reagent (Promega), and measured immediately, as per manufacturer's 
instructions, on a Turner Designs TD-20/20 luminometer. 
For the in vivo assay, three picomoles of RNA transcript were electroporated into 10® oat 
protoplasts as in (Wang et al., 1997). After 5 h, protoplasts were collected and lysed in 100 ^1 
Passive Lysis buffer (Promega) by shaking 15 min at room temperature. 50 nl Luciferase Assay 
Reagent were mixed with 10 )i! protoplast lysate supernatant and measured as described above. The 
protein concentration of each sample was measured by the Bradford method to normalize the 
luciferase activity for each sample. 
Infection of protoplasts and the northern Mot analysis 
Oat protoplasts were prepared and inoculated with 10 picomoles of RNA (Dinesh-Kumar et 
al., 1992). Total RNA was extracted from inoculated protoplasts by using the RNeasy plant RNA 
isolation kit (QIAGEN, Los Angeles, CA). RNA (5-10 |ig) was analyzed by northern hybridization 
essentially described in (Seeley et al., 1992). The probe was obtained by in vitro transcription of the 
plasmid pSPlO (Dinesh-Kumar et al., 1992) linearized with Hindlll using T7 RNA polymerase. 
This probe is complementary to the 3' terminal 1.5 kb of the BYDV-PAV genome and can be used 
to detect viral genomic and subgenomic RNA accumulation. 
RNA secondary structure probing 
Twenty picomoles of RNA were dephosphorylated and 5' end-labeled with ^^P, using 
polynucleotide kinase and y-^'P-ATP (Dupont-NEN). The labeled RNA was purified on a 6% 
polyacrylamide, 7M urea denaturing gel, and the full-length RNA band was cut out and eluted 
(Miller and Silver, 1991). The amount of recovered RNA was determined by liquid scintillation 
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counting. A T1 sequencing ladder was generated under denaturing condition as described by Miller 
& Silver (1991). Structural probing with imidazole was performed in 40 mM NaCl, 1 mM EDTA, 
lOmM MgCl2 with 0.4M imidazole for 15 h at 25°C as described by (Vlassov et al., 1995). Probed 
products were separated on an 8% polyacrylamide, 7M urea sequencing gel. The gels were dried 
and exposed to Phosphorlmage screens for 24 h and visualized with a STORM 840 Phosphorlmager 
(Molecular Dynamics). 
RNA modification and primer extension 
The dimethyl sulfate (DMS) modification of the RNAs was performed as in (Merryman and 
Noller, 1998). Briefly, 2 jil (1 picomole/fil) renatured RNA were added to 23 jil ice cold DMS 
buffer (80 mM KOH-HEPES pH 7.5, 10 mM MgClz, 200 mM KCl). 1 nl freshly diluted DMS (1:2 
dilution in ethanol) was added and incubated on ice for 30 minutes. The reaction was terminated by 
adding 12.5 ^l DMS stop buffer (1 M Tris-HCI pH 8.8, O.l M EDTA pH 8.0, I M 2-
mercaptoethanol). The samples were precipitated by ethanol after the phenol and chloroform 
extractions. The 5' end-labeled primer was used for primer extension as in (Culver and Noller, 
2000). 
Secondary structure prediction and multiple alignment 
The MFOLD program (Zuker, 1989) in the GCG software package (GCG, Madison, WI) was 
used to predict the secondary structure of the TE and all mutants. The default parameters were used, 
with the exception of the temperature, which was set to 25°C as in our in vitro and in vivo translation 
reactions. Multiple alignments were performed by using CLUSTAL W (Thompson et al., 1994) 
from NCSA Biology WorkBench (httD://biologv.ncsa.uiuc.cdu/0. 
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Results 
Stem-loop IV in the 5' UTR is required for TEIOS to function at the 3' end 
Previously we showed that the viral genomic 5' UTR plays a role in the 3'TE activity (Wang 
and Miller, 1995; Wang et al., 1997). To understand how it may interact with the 3'TE, we 
determined the secondary structure of the viral 5' UTR. Computer analysis predicts an RNA 
fragment consisting of the entire 143 nt 5' UTR of BYDV and the first 47 nt of luciferase coding 
sequence was probed by imidazole, which preferentially cleaves single-stranded nucleotides 
(Vlassov et al., 1995). Structural probing revealed four stem-loop structures (SL-1, SL-II, SL-III and 
SL-IV, Fig. 1A and IB). The predicted secondary structure information was superimposed onto an 
alignment of the 5' UTRs of all sequenced BYDV strains (Fig. 1 A). Multiple co-variations and G:U 
to G:C switches in the base-paired stem regions support the conservation of the secondary structure. 
A conserved, mostly single-stranded, pyrimidine-rich domain (PRD) in the 5' UTRs of all BYDV 
strains was also indicated in the aligned sequences (Fig. 1A and IB). 
In order to determine the relationship of the structure and sequence of the 5' UTR to its 
function, deletions and substitutions of the 5' UTR were tested for their effect on cap-independent 
translation in vitro and in vivo. The in vitro 3'TE reporters include viral 5' UTR mutants, luciferase 
gene (LUC) and TE105 (in v/Vro-active TE) as indicated at the top part of Figure IC. The in vivo 
reporters contain TE869 (in v/vo-active TE) instead of TE105 in the 3' UTR. This includes the 
entire 869 nt viral 3' UTR that gives maximum translation in vivo. Deletions of the 5'-proximal two 
stem-loops, deletion of the PRD or substitution of the PRD with a purine-rich sequence (Fig. IC, 5' 
UTR5tf./^j, 5' UTRjtf./>j or 5' UTRjtf./2jmPRD) had only minor effect on translation in vitro and in 
vivo. Expression in protoplasts was more sensitive to mutations than in wheat germ extract. 
Reporters with only the PRD as the 5' UTR had the same low activity as reporters with a vector-
derived, 22 nt 5' UTR in vitro and in vivo (Fig. IC, 5' UTR//s./« vs. vec22). The 3'TE reporters 
with a 5' UTR comprised of only SL-IV still gave a substantial level of cap-independent translation 
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(Fig. IC, 5' UTRg5./7j, 106.8% in vitro and 43.9% in vivo). Thus, we conclude that a sequence 
between bases 86-123 of the 5' UTR is necessary and sufficient for cap-independent translation via 
the3TE. 
Long-distance base-pairing between the 5' and 3' UTRs is required for cap-independent 
translation and replication of BYDVRNA 
The minimal functional 5' UTR sequence comprises SL-IV, which has a 7-base loop sequence 
similar to the 7-base loop (Loop-Ill) of TE105. The only difference is that the fourth base is an A in 
loop-IV of the 5' UTR and a U in loop-Ill of the 3' TEI05. This results in 5 bases of 
complementarity between the two loops (Fig. 2A). Thus, direct base-pairing between these loops 
may allow the 3'-5' communication that we propose is necessary for 3'TE-facilitated cap-
independent translation. 
Phylogenetic analysis supports natural selection for direct RNA-RNA base-pairing between 
the specific loop sequences of the 5' UTR and the 3'TE. All known 5' UTR sequences of BYDV 
strains are predicted to have a stem-loop similar to SL-IV of our infectious clone PAV6 which was 
used for above structural and fiinctional analysis. Each of these strains also has a similar SL-III 
structure in the 3'TE (Guo et al., 2000). The loops are complementary at 5 bases for all strains 
except PAV-F which has only 4 complementary base-pairs (Fig. 2B-E). For PAV-129, there is a U 
insertion and A to C transversion in the non-base-paired region of the 5' UTR loop, but the five base 
pairs between the loops are not altered (Fig. 2D). There are more base changes in both loops of 
MAV-PSl, but it still maintains a five-base tract of complementarity between the loops (Fig. 2E). 
To directly test the role of this potential base-pairing, the loops were mutated to disrupt and 
restore the base-pairing between them. The effects of these mutations on cap-independent 
translation were assessed. The 5' UTR loop-IV was mutated to have the same sequence as the 3' 
TE105 loop-Ill by changing the fourth base from A to U (Fig. 2B, 5'SM). Likewise a single-base 
mutation of TE105 loop-Ill changed its the fourth base from U to A (Fig. 2B, 3'SM). Both 5'SM 
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and 3'SM gain the identity but lose the complementarity of the loops in different UTRs. A double 
mutant combining both single mutations was also constructed (Fig. 2B, DM). DM is equivalent to 
swapping the loops between the UTRs and thus preserves the complementarity but not the identity. 
5'SM and 3'SM gave translation activity as low as that in reporters with a vector-derived 5' UTR 
(5'vec22), both in vitro (Fig. 2F, 3'SM: 16.4%, 5'SM: 17.3% and 5'vec22: 21.2%) and in vivo (Fig. 
2F, 3'SM: 0.5%, 5'SM: 0.3% and 5'vec22: 0.2%). Mutant DM that restored base-pairing, 
significantly enhanced translation compared to either single mutant (Fig. 2F, 41.3% in vitro and 
16.8% in vivo). We reported previously that a mutant of TE105 with a different loop-Ill sequence 
functions in the 5' UTR but not in the 3' UTR (Guo et al., 2000). This demonstrates that the 
complementarity of the loop sequences in different UTRs is required only for the 3'-5' 
communication. 
The reduced translation of the double mutant (DM) relative to wild type may be due to an 
additional role for loop-III ofTElOS besides the 3'-5' communication. To further determine 
whether the stem or the loop of the 5' UTR SL-IV is necessary for the communication and to test the 
importance of the 3'-5' base-pairing without altering the 3'TE sequence, a copy of TEI05 SL-III 
was used to substitute for the viral 5' UTR sequence. Identical copies of SL-III of TE105 in both 
UTRs did not support efficient translation (Fig. 2F, 12.8% in vitro and 0.7% in vivo). Mutation of 
the fourth base in the 5' loop-III from U to A creates complementarity between the 5' and 3' loop-III 
sequences and also maintains the wild type 3'TE. Indeed, this mutation restored nearly full 
translation activity (87.5% in vitro and 72.7% in vivo). Thus, the primary sequence of the stem of 
SL-IV of the 5' UTR is not important for the communication function, and loop-III in the 3'TE may 
influence other functions in TE105 such as translation machinery recruitment. 
To verify above genetic evidence, we probed the structures of the wild type and mutant 5' 
UTRs in the context of full-length mRNA containing TE105. The in vivo reporters WT, 3'SM, 
5'SM and DM used above (Fig. 2B) were tested for their accessibility to modification by dimethyl 
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sulfate (DMS) and their sensitivity to cleavage by ribonuclease T1 (T1 cuts after single-stranded 
Gs). Every RNA we used contains SL-IV in the 5' UTR and TE105 in the 3' UTR. 
The RNAs were modified by DMS, which reacts with single-stranded As and Cs. All RNAs 
showed a similar pattern of modification (Fig. 3A). RNAs were modified in conditions similar to 
those used for wheat germ translation system. If stable base-pairing occurs between (5') SL-IV and 
(3') SL-III, the ACA106-108 should be protected in WT, and more susceptible to modification in 3'SM. 
The Aio6 was changed into U106 in 5'SM and DM. The results show that Aioe (or Uioe in 5'SM and 
DM) is unmodified in all constructs. C107 is partially protected in WT, but increases the 
susceptibility to modification in 3'SM and 5'SM. However, it was not protected in DM as predicted. 
A108 has similar susceptibility in all constructs. Different levels of DMS modification were also 
tested on these RNAs to ensure the RNAs were not over modified, this did not affect the results (data 
not shown). 
The same set of RNAs were tested for nuclease T1 cleavage in the conditions similar to the 
wheat germ extract. T1 might be more sensitive to transient base-pairing between the stem-loops 
because it is bulkier and reacts more slowly than DMS. The 5' UTR loop-IV was studied because it 
has a G in the suggested long base-pairing (G/05, the number is base position in BYDV genome). If 
the proposed long-distance base-pairing exists, G/oj will be protected from TI digestion of renatured 
RNA, because it will be in the base-paired region. Tl had a higher activity towards G/os in both 
3'SM and 5'SM RNAs than it did towards G/ojin WT and DM RNAs (Fig. 3B, G/05). The G/05 band 
in DM RNA is about twice as intense as in WT RNA, but is definitely weaker than G/05 in 3'SM and 
5'SM RNAs. Quantification indicates G/05 in the RNA of 3'SM or 5'SM cut at least four times 
more than the same site in WT RNA. These results are consisted with "kissing stem-loops" base-
pairing between the 5' UTR loop-IV and the 3'TE loop-Ill for WT and DM RNAs, while the 5'UTR 
loop-IV is single-stranded for 3'SM or 5'SM RNA. 
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The lower G band (Fig. 3B, G / w )  corresponds to a flanking G u o  in the 5' UTR stem-IV. It 
was protected in the RNAs of WT and DM, but not in the RNAs of 3'SM and 5'SM. G//o was 
predicted to be base paired in the 5' UTR stem-IV as indicated in Figure IB even in absence of long­
distance base-pairing. So, the single mutants that only maintain the local secondary structure (SL-
IV) should have Guo protected. However, it was partially cleaved in both single mutants (Fig. 38). 
The G-C pair with G//o is at the distal end of the helix (Fig. IB), and sometimes G in this position 
can be partially cleaved by T1 (Guo et al., 2000). G in this position maybe slightly accessible due to 
the RNA breathing but inaccessible in the proposed kissing stem-loops due to steric hindrance. 
To test the role of the 5' UTR loop-IV and the 3'TE loop-III base-pairing in actual viral 
infection, the same mutations that disrupt and restore base-pairing were introduced into the 
infectious transcript, PAV6. Transcripts were inoculated into oat protoplasts and viral RNA 
accumulation was detected after 24 hours by northern blot hybridization (Fig. 4). gRNA was 
detected in all lanes due to residual inoculum. This is verified by its presence in cells inoculated 
with PAV6 BF, which was shown previously to be nonviable (Allen et al., 1999). sgRNAl and 
sgRNA2 are generated only when replication occurs, so they are accurate indicates of infectious 
viral RNA. Indeed, when the single mutations as in Figure 2B were present in either the 5' UTR or 
the 3' TE of gRNA (Fig. 4, PAV6 3'SM and PAV6 5'SM), the virus replicated pooriy (PAV6 5'SM) 
or not at all (PAV6 3'SM). The double mutant that reconstructs the base-pairing also restored 
replication to a level proportioned to translation recovery in reporter constructs (Fig. 2F and Fig. 4). 
Thus, the complementarity between loop-IV in the 5' UTR and loop-III in the 3'TE is essential for 
BYDV replication. 
The 5' UTR of BYDV is not a internal ribosome entry site 
To test whether the structure of the 5' UTR can be an internal entry site for ribosomes when it 
is communicating with the 3'TE, a stable blocking stem-loop (Fig. 5A, B-SL, predicted AG— 
34.4kcal/mol) was placed either upstream or downstream of the 5' UTR SL-IV. A 20-30 base non-
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structured spacer between the two stem-loops ensures that there is no spatial interference between 
them. If ribosomes can enter the 5' UTR downstream from the 5' terminus of the mRNA, the 5'-
proximal B-SL will not affect cap-independent translation of the reporter. The 5'-proximal B-SL 
(Fig. 5B, B-SL-UTR5<j./.<j) located only 10 nt from the 5' end of the mRNA reduced the translation to 
the level of a reporter with a non-functional TEI05 (Fig. 5D, TEI05BF in the 3' UTR). When the 
B-SL was placed downstream of SL-IV (Fig. 5C, UTRi^-z^j-B-SL, B-SL is right before the start 
codon), the translation was almost as efficient as the wild-type (Fig. 5D, 82.9%), probably because 
the loaded initiation complex can melt out the secondary structure of the B-SL. 
Adding a cap to the 5' UTR of B-SL-UTR^^-z^i did not enhance translation as much as capping 
did to the reporter mRNA with the nonfunctional TEI05BF mutant in the 3' UTR (Fig. 5D, 3.5% to 
4.1% vs. 7.2% to 75.7%). This agrees with the report that the stable secondary structure of the 5' 
UTR 12 nt downstream the cap reduces the translation of capped mRNA, but has lesser effects if 
located 52 nt downstream (still upstream of the start codon) (Kozak, 1989). Thus, TEI05 in the 3' 
UTR not only needs to communicate with the 5' UTR, but also needs the 5' UTR to have a relative 
non-structured 5' extremity. This suggests that ribosomes bind the very 5' end of the mRNA and 
scan through the 5' UTR as is the case for capped and polyadenylated mRNAs (Kozak, 1989). 
Discussion 
The 3 '-5' communication between the 3' TE105 and the 5' UTR ofBYDVis based on RNA-RNA 
interaction 
Two functions are required for cap-independent translation assisted by the 3'TE in BYDV: the 
recruitment of translation factors and ribosomes, and 3'-5' communication to allow translation 
initiation at the 5' proximal AUG of the mRNA. The 3'-5' communication between the 5' UTR and 
the 3' UTR of BYDV has been proposed for its cap-independent translation from our previous 
research (Wang et al., 1997; Guo et al., 2000). This report provided both genetic and biochemical 
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evidence to demonstrate that the structural basis for this communication is long-distance RNA-RNA 
interaction between the loop sequences of TE105 and the 5' UTR of BYDV. Functionally, the 
single mutants destroying this complementarity abolished the translational enhancement from TE105 
in the 3' UTR, while the double mutant that restored the complementarity also restored the ability to 
be translated. The similar loop-III mutation of TE105 in the 5' UTR fimctioned well (Guo et al., 
2000) suggesting that the complementary mutations between the loop sequences primarily affects the 
3'-5' communication function, which is required only when TE105 is in the 3' UTR. Structurally, 
ribonuclease TI probing showed the loop sequence of the 5' UTR is partially protected in the wild 
type and the double mutant, where the complementarity of the loops was maintained. Two single 
mutants of either UTR, in which the complementarity was destroyed, made the 5" UTR loop 
sequence hypersensitive to TI cleavage. 
The CAA/o/./opof the loop sequence of the 5' UTR in all RNAs showed a similar pattern of 
modification by dimethyl sulfate (DMS). The different findings of DMS modification and TI 
digestion can be explained by RNA structural "breathing" and the size difference of DMS and TI. 
The chemical DMS is much smaller than the enzyme TI, and thus may easily gain access to the 
unstable base-paired structure which may be dynamic changing (RNA breathing). Ribonuclease TI 
is bulkier and may be sterically blocked from G/os in the kissing stem-loop conformation. This is 
consistent with the finding by Marczinke et al. (1998) in probing higher order RNA structure. They 
probed a pseudoknot structure of Rous sarcoma virus with many different modification and cleavage 
methods, and only a few of the methods (including TI cleavage) supported the proposed highly 
dynamic pseudoknot structure, which was shown functionally exist by genetic methods. 
The proposed long-distance base-pairing between the UTRs could be a highly dynamic 
structure, especially taking the distance between them into consideration (1.6 kb in luciferase 
reporters and 4.8 kb in BYDV). We suggest that RNA-RNA interaction provides only the initial 
connection between the two ends of the mRNA, and that proteins probably bind to the different 
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UTRs to strengthen the connection thereafter. The protein-mediated interaction may involve the 
additional sequence in the 3' UTR needed in vivo, and this could explain why translation in vivo 
needs more 3' UTR sequence than TEI05. A preliminary RNA-protein interaction assay carried out 
in our lab revealed that several proteins interact with the 3'TE specifically (E. Allen, personal 
communication). 
The 3'-5' communication is also essential for replication of BYDV. Disrupting the 
communication between the 3'TE with the viral 5' UTR, such as PAV6 3'SM and PAV6 5' SM in 
Figure 4, abolished translation of gRNA that encodes the viral replicase. Abolishing translation of 
the replicase by other mutations can also cause the replication deficiency, such as TE105BF mutant 
(Fig. 4, PAV6 BF). TE105BF mutant abolishes all TE functions, while 3'SM and 5'SM mutants 
disrupt only the 3'-5' communication. 
Loss of 3'-5' communication could directly affect replication. Gamamik & Andino 
(Gamamik and Andino, 1998; Gamamik and Andino, 2000) located a cloverleaf RNA structure in 
the 5' UTR of poliovirus RNA that carries signals that control both translation and replication of 
poliovirus. They proposed that interactions of a viral protein 3CD and a cellular protein, poly(rC) 
binding protein (PCBP), to this structure repress translation and promote negative-strand RNA 
synthesis. However, the synthesis of negative-strand should start from the 3' end of positive-strand 
template, while reported interactions with the cloverleaf happen at the 5' end. PCBP is also reported 
to interact with the 3' UTR (Chkheidze et al., 1999), thus bringing the two ends together. Closed-
loop mRNA may facilitate both positive- and negative-strands synthesis by the close physical 
proximity of the ends of RNAs. The factors related to RNA synthesis can also easily move from one 
strand to another in the closed-loop RNA conformation. Thus, disrupting the interaction between the 
ends of the mRNA may directly affect the replication efficiency. 
The double mutant that restored complementarity switched the A-U base-pair to a U-A base 
pair. It restored both translation and replication, but not completely (Fig. 2F, 41.3% in vitro and 
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16.8% in vivo. Fig. 4, replication of PAV6 DM vs. PAV6). Although the double mutant maintains 
the sequence complementarity between the UTRs, the switched base-pair could make the base-
pairing less stable than the wild type (but showed no difference by MFOLD prediction). T1 
nuclease probing revealed that cleavage of G,oj in the double mutant was slightly more efficient than 
in the wild-type (Fig. 3B). In addition, the U to A mutation could slightly alter the overall tertiary 
structure of the 3TE in an unknown way. Another possibility is that TE105 SL-III primary 
sequence plays a minor role in translation machinery recruitment as well as 3'-5' communication, hi 
support of this, the reporters with the 5' UTR containing TE105 SL-III (in place of 5' UTR SL-IV) 
mutated to allow base-pairing to wild type SL-III in the 3'TE had much higher activity (87.5% in 
vitro and 72.7% in vivo), probably because they maintained the wild type 3'TE sequence. 
3 '-5' communication and other cap-independent translation 
Circularizing the mRNA by the 3'-5' interaction not only stabilizes the mRNA (Bernstein et 
al., 1989; Jacobson, 1996), but also marks the structural (and thus functional) integrity of the mRNA 
to be translated. By requiring c/5-interaction between the two ends of the mRNA, the translation 
machinery recognizes only intact mRNAs. Degradation of the mRNA normally starts from the ends 
(decapping and poly(A) tail shortening) (Jacobson, 1996). If an element at either end is lost, the 
ends can not communicate and the closed-loop mRNA can not form. Thus, the energy potential 
wasted on translation of degraded mRNAs can be saved. Furthermore, the closed-loop mRNA may 
facilitate itself to reuse the translation factors more efficiently. 
The closed-loop mRNA is the common theme for the translation initiation of the capped and 
polyadenylated mRNA in eukaryotes. Theoretically, the translational advantages provided by the 
closed-loop mRNA are not limited to the capped and polyadenylated mRNAs. They could also 
apply to other translatable mRNAs that use 3'-5' communication, which include mRNAs that are 
translated cap-independently. The 3'-5' communication is absolutely required for translation 
elements that function in the 3' UTR, such as the TE in BYDV and the TED in STNV. These 
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elements need to communicate with the 5' UTR to recruit or deliver ribosomes to the 5' UTR, where 
translation starts. 
The 3'-5' communication could be also necessary for the internal ribosome entry site (IRES) 
facilitated cap-independent translation initiation. Most IRES-bearing viruses and bicistronic mRNA 
reporters used to test IRES activity have a poly(A) tail. This suggests that end-to-end 
communication could be involved. In addition to a poly(A) tail, other 3' UTR elements could be 
involved in the communication with the 5' IRES. HCV contains a highly conserved secondary 
structure (X region) in its 3' UTR and an IRES in the 5' UTR. X region binds a polypyrimidine 
tract-binding protein (PTB), which also binds to the IRES in the 5' UTR (Ito et al., 1998). Mutations 
abolishing PTB binding to X region reduced, but did not completely abolish cap-independent 
translation. This suggests a possible PTB-mediated 3'-5' interaction could assist the mRNA with the 
IRES in forming a closed-loop for efficient translation. Other protein factors that bind to IRESes 
including poly(C) binding protein 2 (PCBP-2) and La autoantigen could have similar a function, 
because both of them can interact with the 3' end of the mRNA (Chkheidze et al., 1999; Spangberg 
et al., 1999). 
Gene expression control and the complementarity in the RNA structure 
The suggested RNA-RNA interaction model for long-distance 3'-5' communication is 
functionally similar yet structurally distinct from the protein bridge-mediated 3'-5' communication 
in eukaryotic mRNAs. The RNA-RNA interaction reported here is based on the cis 
complementarity of different loop sequences in the 5' and 3' UTRs. Both the cis and trans 
complementarity of the RNAs are important for gene expression controls. 
The complementarity mediated by the trans RNA interaction for translation initiation is well 
reported in prokaryotes. The most well-known interaction is the base-pairing of the Shine-Dalgamo 
sequence (ribosome binding site) with the anti-Shine-Dalgamo sequence near the 3' end of the 16S 
ribosomal RNA (rRNA) (Shine and Dalgamo, 1974). In eukaryotes, there are also reports of the 
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Shine-Dalgamo-like interactions to regulate translation. In the 3TE, six bases in a conserved 18-
base tract are complementary to the 3' proximal of the 18S rRNA, and a model of translation 
initiation based on this pairing has been proposed (Wang et al., 1997). Mauro & Edelman (1997) 
found multiple complementary regions between the UTRs of the cellular mRNAs and the rRNAs 
(Mauro and Edelman, 1997). Mauro's group has provided intriguing evidence that translation of 
numerous mRNAs can be affected positively (Chappell et al., 2000) or negatively (Hu et al., 1999) 
by base-pairing with different sites in the 18S rRNA. Recently they showed that repeats of a 9-base 
tract which is complementary to the 18S rRNA bases 1132-1124 can fiinction as an IRES when 
incorporated into a bicistronic mRNA (Chappell et al., 2000). 
The complementarity mediated by the cis RNA interaction also has important roles in 
translational regulation. Ribosome shunting in cauliflower mosaic virus (Futterer et al., 1990; 
Futterer et al., 1993; Ryabova and Hohn, 2000), Sendai virus (Latorre et al., 1998) and adenovirus 
(Yueh and Schneider, 1996; Yueh and Schneider, 2000) are examples oicis RNA interactions in the 
5' UTR. In the shunting model, ribosomes scan fi"om the 5' cap, bypass a large fragment rich in 
secondary structure and AUG codons, and land on a shunt landing site to resume scanning towards 
the first bona fide start codon further downstream. Unlike RNA-RNA interaction between the 5' and 
3' UTRs as in this report, ribosome shunting occurs locally in the same 5' UTR region. There are 
few report of RNA-mediated interaction between different regions of the mRNA in translational 
regulation. One such report (Honda et al., 1999) suggests RNA-RNA interaction between a 5' UTR 
sequence and a portion of coding sequence is responsible for the reduced translatability of HCV 
genotype lb virus. 
There are also some reports on RNA-mediated long-distance interactions based on 
complementarity in transcriptional control (KJovins et al., 1998; Licis et al., 1998; Klovins and van 
Duin, 1999; Schuppli et al., 2000). One such example is the replication regulation of Qp 
bacteriophage. Two pairs of long-distance interactions bridge the replicase-binding site in the 
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middle of gRNA with the 3' proximal sequence. This interaction positions the active site of the 
replicase to the start site of replication, which is the 3' end (Klovins et al., 1998; Klovins and van 
Duin, 1999). 
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Figure legends 
Fig. 1. (A) Multiple sequence alignment and structural probing of the 5' UTR of BYDV 
genomic RNA. Multiple alignment was performed on 5' UTR sequences of known BYDV strains. 
Genbank accession numbers: PAV-Vic (X07653), PAV-ILL (AF235167), PAV-JPN (D85783), 
PAV-P (D11032), PAV-129 (AF2I8798), MAV-PSI (DI1028). The stem-loops are indicated by 
converging arrows above the aligned sequences, with bulges as dashed lines. Base-paired regions 
are shaded. Co-variations and the G:U to G:C switches that support base-paired regions are 
underlined. A box with dashed lines on the aligned sequences indicates the conserved pyrimidine-
rich domain (PRD). The substrate for the probing was a 5' end-labeled transcript consisting of the 
143 nt 5' UTR of PAV-Vic and the first 47 nt of luciferase coding region. A partial T1 digest under 
denaturing conditions and a 0.4M imidazole cleavage of the substrate are shown on the gel 
horizontally positioned under the aligned sequences. Top of the gel is at right. The arrow under the 
gel indicates the running direction. The darker bands correspond to stronger cleavages of the single-
stranded regions, which are more sensitive to imidazole hydrolysis. These regions and nt positions 
of G residues are labeled below the gel. (B). The computer-predicted secondary structure of the 5' 
UTR superimposed with imidazole cleavage sites. Filled and hollow triangles indicate strong and 
weak cleavages, respectively. Bent arrow shows the position of the start codon. (C). Translation of 
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the functional reporter constructs with different S' UTR truncations or substitutions indicated at left. 
In the map of the reporter construct, 3'TE represents TE105 for in vitro constructs and TE869 for in 
vivo constructs. Translation of the reporters was performed in the wheat germ extract and oat 
protoplasts. The thick lines indicate parts of the 5' UTR that were present, with positions of 
truncations indicated by base numbers. Thin line is vector-derived sequence. The relative luciferase 
in vitro and in vivo activity of the reporters are shown to the right of each mutant. The numbers are 
the relative activity in percent of relative light units to the activity obtained with the reporter 
containing the full-length viral S' UTR. Each RNA was tested at least in triplicate, and the standard 
error is shown. 
Fig. 2. (A) Secondary structures of TE105 and stem-loop-IV (SL-IV) of the 5' UTR of 
BYDV. The cruciform TE105 secondary structure and structural domains are as reported previously 
(Guo et al., 2000). Domains related to two functions of the TE105 (3'-5' communication and 
translation machinery recruitment) are divided by the dashed horizontal line. The complementary 
sequences of TE105 loop-Ill and the 5" UTR loop-IV are connected by dashed lines. (B)-(E) 
Complementary sequences between the loops of the 5' UTR SL-IV and 3' TE105 SL-III in different 
BYDV isolates. Dotted lines show the base-pairing between loops. Bases specifically mutated by 
authors are circled, with the replacement bases indicated by the arrows as in (B), and the bases 
mutated to are pointed by the arrows. 5'SM stands for the 5' single mutation of the 5' UTR loop-IV. 
3'SM stands for the 3' single mutation of the 3' TE105 loop-Ill. DM stands for the double mutant 
containing both single mutations. (F) In vitro and in vivo translation of the reporter constructs 
containing the 5' UTR and 3' UTR single mutants in each UTR and double mutations in both UTRs. 
The point mutations are shown in (B). Each single mutant disrupts the potential base-pairing 
between the UTRs and double mutant restores the base-pairing. The names of reporters are 
indicated in column 1. The 5' UTR and 3' UTR sequence elements are shown in column 2 and 3. 
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The in vitro and in vivo relative activity are shown in columns 4 and 5 in percent of relative light 
units to activity obtained with the 5' UTR SL-IV as the 5' UTR. 3'TE stands for TE105 in vitro and 
TE869 in vivo. 
Fig. 3. (A) Dimethyl sulfate (DMS) modification of the full-length reporter RNAs with the 3' 
TE869 as described in Figure 2B. DMS modification was carried out for 30 min on ice, and 5' end-
labeied primer 60 nt downstream the 5' UTR loop sequence was used for primer extension. The plus 
and minus signs indicate treatment with or without DMS before the primer extension. The right four 
lanes are RNA sequence ladder obtained using the same primer. The CUGACAA sequence of loop-
IV is marked on the right. The four arrows on the left indicate the (A/U)CAA/otf./o9 in the 5' UTR 
loop-lV and mutants. (B) Ribonuclease Tl sensitivity of the in vivo function reporters as in Figure 
2B. Unlabelled reporter RNAs were partially digested by Tl and primer extension was performed as 
in panel A. G/os in the 5' UTR loop-IV and G,,o in the 5' UTR stem-IV are indicated on the left. 
Fig. 4. Replication of different 5' and/or 3' UTR point mutations of BYDV PAV6. PAV6 is 
the infectious clone we used through this study. The three arrows on the left indicate the positions of 
gRNA, sgRNAl and sgRNA2 on a northern blot 24 hours after inoculation with wild type or 
mutated gRNAs. PAV6BF is the BamHl filled-in mutation in the TE region (TE105BF), which was 
shown previously to knock out replication of PAV6 (Allen et al., 1999). PAV6 3' SM stands for the 
single-base mutation in the 3' TE105 loop-Ill that disrupts the complementarity with the 5' UTR 
loop-IV. PAV6 5' SM stands for the single-base mutation in the 5' UTR loop-IV that disrupts the 
complementarity with the 3' TE105 loop-Ill. PAV6 DM stands for the double mutant including both 
mutations of 3' SM and 5' SM that restores the complementarity between the UTRs. The relative 
amounts of sgRNAl and sgRNA2 of all mutants are indicated below the northern blot. 
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Fig. 5. (A) Computer predicted secondary structure of a blocking stem-loop (B-SL). The 
predicted free energy is -34.4 kcal/mol as shown. (B)-(C) Diagrams of insertion with the B-SL 
upstream (B) or downstream (C) of the 5' UTR SL-IV. The subscripts of "5'UTR" show the base 
positions in the 5' UTR of BYDV genome. Base 56 is in the 5' UTR stem-III, and 5' deletion at 
here disrupts SL-III as predicted by MFOLD. Bases 123-143 are single-stranded as predicted by 
MFOLD. (D) Function of the reporters with insertion of the B-SL in the different positions of the 
partial viral 5' UTR only maintaining SL-IV structure. Different 5' UTR and 3' UTR sequences are 
shown on the left. The relative activity in percent of relative light units to the activity obtained with 
the reporter containing the viral 5' UTR55./<i SL-IV structure are shown on the right. 
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CHAPTER 4. GENERAL CONCLUSIONS 
Downstream elements regulate gene expression of BYDV 
Viruses encode minimum sets of genetic information and elegantly utilize the host gene 
expression machinery to fulfill their own life cycles. They also use their own sequences, structures 
and gene products to not only regulate their own proliferation but also alter the host's metabolism to 
their advantage. TTie translational regulation of BYDV is an excellent example of such elegance. 
Like other viruses, the genome of BYDV is very compact. In order to maximize the usage of 
its limited sequence space, BYDV applies an array of recoding mechanisms. These include 
ribosomal frameshifting in translation of open reading frames (ORPs) 1 and 2, overlapping the 
coding sequence of ORFs 3 and 4, and reading through the stop codon of 0RF3 (Fig. 2 and Miller, 
1999). 
In contrast to the compact coding region, BYDV has a long 3' proximal regulatory sequence 
of 869 nucleotides. This 3' sequence comprises more than 15% of the total genome, but encodes 
only a small protein (ORP6, 125 nt, 2% of the total genome). Besides coding for ORF6, this 3' 
sequence contains multiple elements to regulate gene expression of both the virus and possibly the 
host. In addition to facilitating cap-independent translation as discussed in this dissertation, different 
elements within this 3' sequence also regulate translation of viral replicase (ORPl+2) by ribosome 
frameshifting several kilobases upstream (Di, 1992; Miller et al., 1997) (J. Barry, C. Paul, personal 
communication). For viral replication, the promoters of subgenomic RNA (sgRNA) 2, sgRNA3 as 
well as the promoter of the negative strand RNA synthesis are also located in this sequence (Koev, 
1999). 
My dissertation research focused on the function of this 3'-terminal regulatory sequence in 
cap-independent translation and its relation to RNA structures. In order to comF>ete with host 
translation, BYDV needs to effectively translate its own uncapped and nonpolyadenylated mRNAs. 
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This regulatory sequence not only facilitates translation of gRNA and sgRNAl from the 3' UTR, but 
it also enhances translation of ORf 6 from the 5' UTR of sgRNA2 (Wang et al., 1999). sgRNA2 
accumulates to a higher concentration (about 40-fold of gRNA) in the late stage of viral infection, 
and this physiologically abundant sgRNA2 is proposed to act as a trans translation regulatory 
element to inhibit the host gene expression, which could provide possible translational advantage to 
the viral genes (Wang et al., 1999). Additionally, sgRNA2 also rrafis-inhibits translation of viral 
gRNA and sgRNA I, but with different efltciencies. We proposed a model that sgRNA2 
preferentially inhibits translation of gRNA to that of sgRNAl in the late stage of viral infection 
(Appendix). This accommodates the requirement for more translation of sgRNA 1 (encoding coat 
protein) versus less translation requirement of gRNA (encoding viral replicase) in the late stage of 
viral infection. Thus, this 3' sequence regulates translation of all BYDV-encoded proteins and 
possibly host translation. 
The UTRs of BYDV mimic functions of both a cap and a poiy(A) tail 
The cap and poly(A) tail structures in eukaryotic mRNAs function synergistically in 
translation initiation (Gallic, 1991; Tarun and Sachs, 1995). Unlike eukaryotic mRNAs, mRNAs of 
BYDV (gRNA, SgRNAl and sgRNA2) lack either a 5' cap or a 3' poly(A) tail (Allen et al., 1999). 
How can BYDV gain the translational advantage in a host environment, which is tuned for efHcient 
translation of capped and polyadenylated mRNAs? To achieve this goal, BYDV adopts a cap-
independent translation mechanism. 
A 105 nt sequence (TE105) between the intercistronic region of ORF5 and ORF6 frmctionally 
replaces the cap structure to enhance translation cap-independently. In the wheat germ extract, 
which is a poly(A) tail-independent in vitro translation system, TE105 enhances translation of viral 
genes (replicase, coat protein, movement protein and aphid transmission protein) and reporter genes 
(GUS and luciferase) to the translation level of capped mRNA. mRNA without TE105 or with a 
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defective TE mutant (BF, a four-base insertion) translates poorly, which is less than 10% of 
translation of the same capped mRNA (Wang and Miller, 1995; Wang et al., 1997). Adding a cap to 
the mRNA containing the BF mutant rescues translation to the level of the mRNA with wild type 
TEI05. Thus, TE105 provides similar level of translation enhancement to the uncapped mRNA as a 
cap structure for a eukaryotic mRNA. 
TE 105 and the cap structure may competitively bind to the same translation factor(s) to 
facilitate translation initiation. Adding TE105 RNA in trans inhibits translation similar to adding 
m^G cap analog. This inhibition can be reversed by adding exogenous eukaryotic initiation factor 
(elF) 4F complex (Wang et al., 1997). Thus, eIF4F or its subunits (eIF4E and eIF4G) may be targets 
for this competitive binding. 
TEI05 may also recruit the ribosome directly. A conserved six-base tract in TE105 can 
potentially base pair to the 3' proximal bases of the 18S ribosomal RNA (rRNA). This base-pairing 
may mediate translation initiation like a Shine-Dalgamo (SD) interaction in prokaryotes. Consistent 
with this model, all mutations that destroy this potential base-pairing, including those maintaining 
the secondary structure of TE105, abolish cap-independent translation (Chapter 2, Fig. 3A and 3C). 
Direct base-pairing between the mRNA and the 18S rRNA has also been proposed for poliovirus 
(Pilipenko et al., 1992) and other IRESes (Hu et al., 1999; Chappell et al., 2000). The random 
chance that six base pairs between the mRNA and the 18S rRNA could occur is statistically high. 
However, when the position of base-paired region in 18S rRNA (similar to the SD sequence in 
prokaryotic mRNA) is taken into account, the chance becomes much lower. On the mRNA side, 
only the "open" region (not buried in the secondary or the higher order structures of the mRNA 
itself) could have this intermolecular base-pairing. We cannot conclude that the underlying 
mechanism is based on this base-pairing since we have only the mutation from the mRNA side of 
the proposed mRNA-18S rRNA interaction. This awaits direct demonstration of interactions 
between the two RNAs. 
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On the other hand, initiating translation by a protein-mediated interaction is more plausible. 
Our previous flnding that exogenous eIF4F can reverse the trans inhibition by TE sequence (Wang 
et al., 1997) supports this hypothesis. Additionally, affinity chromatography using TE105 as bait 
identified proteins (some of them are eukaryotic translational factors) from the wheat germ extract 
that bind the TE RNA specifically, but not the BF mutant (E. Allen, personal communication). 
In plant cells, TEIOS alone is not enough to enhance cap-independent translation, probably 
because translation in plant cells is also poly(A) tail dependent A longer sequence involving at 
most all 869 nt 3' regulatory sequence can facilitate very efficient cap and poly(A) tail independent 
translation in plant cells. TEIOS is located at the S' end of this sequence, and we propose that the 
remaining sequence acts functionally as a poly(A) tail. Indeed, a 3' UTR containing a tract of 60 
adenosines 3' of TE105 can achieve a substantial level (~20%) of translation compared to the wild 
type mRNA with the full 869 nt viral 3' UTR. In contrast, mRNA with a mutated TE (BF mutant) 
plus the poly(A6o) tail or TE105 without the poly(A«)) tail only translates around 0.5% as efficiently 
as the wild type RNA (with an 869 nt 3' UTR). 
In addition to the sequence required in the 3' UTR, the viral 5' UTR is also necessary for cap-
independent translation both in vitro and in vivo. We believe that the core translation element is 
TE105 rather than the viral 5' UTR, based on the following observations. First, non-functional TE 
mutants translate poorly while they maintain the full-length wild type viral 5' UTR (Chapter 2). 
Second, TE105 alone in the 5' UTR can also achieve efficient cap-independent translation both in 
vitro and in vivo, while the viral 5' UTR alone can not (Wang et al., 1999). Third, TE105 sequence 
but not the 5' UTR can effectively /ran^-inhibit translation. The function of the 5' UTR in TE105-
facilitated translation is most likely to communicate with the 3'-located TE105 to allow translation 
initiation at the 5' end. 
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Two functions (3'-5' communication and translation machinery recruitment) are related to 
specific structure domains in TE105 
Translation usually initiates from the 5' end of the mRNA. In two of the three mRNAs of 
BYDV (gRNA and sgRNAl), the core translation enhancement element, TE105, resides in the 3' 
UTR. In the 3' UTR, TE105 should have at least two functions: 3'-5' communication and 
translation machinery recruitment. The second function may involve recruiting translation initiation 
factors, ribosomes, etc. The 3'-5' communication is necessary only when TE105 resides in the 3' 
UTR. When positioned in the 5' UTR, as in sgRNA2, the 5' location of TE105 alleviates the 
requirement for3'-5' communication. 
RNA primary sequence and secondary structure often play important roles in controlling gene 
expression (Standart and Jackson, 1994; Gray and Wickens, 1998; Muckenthaler et al., 1998). For 
TE105-mediated cap-independent translation, both primary sequence and secondary structure are 
important for the different functions discussed above. Structural and functional analysis was applied 
to TE105 intensively during my research. It is suitable to apply structural analysis to TE105 RNA 
alone, because it can function by itself (inhibits translation in trans). This provides a great 
advantage for the structural analysis, because the small size (105 nt) of TEI05 makes the secondary 
structural prediction and probing more manageable and reliable. 
Computer prediction and RNA structural probing of TE105 show that TE105 RNA comprises 
three stem-loops (SL-I, SL-II, and SL-III) and base-pairing (Stem-IV) between the ends, which is 
referred as a cruciform structure (Chapter 2, Fig. 2A). TE105 also functions in the 5' UTR, but does 
not need the 3'-5' communication compared to the 3'-located TE105. By testing different structiual 
and sequence mutations in the different UTRs, I determined the sequence/structure requirement for 
different functions of TE105. The overall cmciform secondary structure and the sequence around 
SL-I is required for the translation machinery recruitment function (Chapter 2), while the loop 
sequence of SL-III is required for the 3'-5' communication function (Chapter 3). 
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TE105 is a part of the in v/vo-active TE (Fig. 2), while some of the other sequence of in vivo-
active TE at least partially mimics the function of a poly(A) tail. Adding a polyCA^) tail to reporters 
containing TE105 resulted in better translation (40~50 fold) than an mRNA with only TE105 
(Chapter 2, Fig. IB). The translation level of these mRNAs is sufficient to test the function of all 
TEI05 mutants in vivo by appending this poly(A6o) tail to the 3' end of in vitro function reporters. 
This is extremely important for reporters with the TE sequence in the 5' UTR. The whole in vivo-
active TE can not be moved to the 5' UTR, because there are multiple AUG in this sequence. 
However, addition of TE105 to the 5' UTR and a poly(A«)) tail to the 3' end can significantly 
enhance translation in vivo. This allows us to analyze mutations, especially the 3''-5' communication 
mutations both in vitro and in vivo. All the translation data in vivo were consistent with the in vitro 
data, the differences between the non-functional mutation and the wild-type TE were more dramatic 
in vivo than in vitro (less than 1% of wild-type in vivo vs. 10-15% of wild type in vitro). The 
reasons for this difference could be the lower concentration of protein factors and ribosomes, and/or 
competition of the endogenous mRNAs in protoplasts compared to the wheat germ extract. 
An RNA-RNA interaction between sequences of tlie 5* and 3' UTRs separated by several 
thousand bases is necessary for tlie 3'-5' communication 
Two mechanisms could be involved in the communication between the ends of the mRNA. 
One is through the interaction of a common protein factor binding to the similar stem-loop structures 
at different ends. Alternatively, direct base-pairing between the two ends of the mRNA may provide 
the connection. Protein-assisted interaction is commonly used by capped and polyadenylated 
mRNA. The interactions of cap-eIF4E, eIF4E-eIF4G (in eIF4F complex), eIF4G-poly(A) binding 
protein (FABF) and FABF-poly(A) tail bring the two ends of eukaryotic mRNA together, and form a 
closed-loop conformation to facilitate efTlcient translation initiation. 
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The sequence similarity ofTEIOS loop-Ill and the viral 5' UTR loop-FV could support the first 
mechanism. More specifically, a cellular protein might bind to loop-III of TE105 and the similar 5' 
UTR loop sequence (Chapter 3, Fig. 2A). Dimerization of two of these proteins could bring the two 
ends of the RNA together. Dimerization would be unnecessary if the binding protein has two 
independent RNA binding domains recognizing the similar sequences, which is common for 
translation factors. 
Our data strongly support the second mechanism by which communication occurs via an 
RNA-RNA interaction between a 5' UTR loop sequence and loop-III of TE105 (Chapter 3). By 
changing the fourth base of either loop sequence, we made the loop sequences identical, but 
destroyed the complementarity between the loop sequences. If the protein-mediated mechanism 
holds, the interaction between the protein and the loops should be maintained, if not strengthened. 
However, both mutations alone destroyed not only translation enhancement but also replication of 
BYDV. The similar loop-III mutation in TE105 in the 5' UTR is functional (Chapter 2, Fig. 4A, 
TE^sjo-#9/«mL3) suggesting that the loss of fimction of TE105 in the 3' UTR is related mostly to the 
3'-5' communication. The double mutant that recovered the complementarity between the loops of 
the ends restored translation as well as replication of BYDV (Chapter 3, Fig. 2F and 4). However, 
this restoration is not complete, and is probably related to the mutated base in the 3'-located TE105 
region that may also affect the translation machinery recruitment. 
A similar RNA-based interaction model was proposed (Danthinne et al., 1993) for another 3' 
translation enhancement sequence (TED, translation enhancement domain) in satellite tobacco 
necrosis virus, but mutagenesis to disrupt and restore the potential base-pairing as in this research 
did not support their model (Meulewaeter et al., 1998). 
Long distance base-pairing is also required by replication of coliphage Qp (KJovins et al., 
1998; Klovins and van Duin, 1999). Two sets of complementary RNA regions separated by over 
1000 nucleotides were found to base pair together in gRNA of Qp. This base-pairing is necessary to 
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bring the replicase subunit SI binding site (in the middle of the RNA) to the 3' terminus. Thus, the 
replicase active site is positioned in the vicinity of the 3' terminus to facilitate replication of Qp. 
The base-pairing model and the protein-mediated binding model are not mutually exclusive. 
Both mechanisms could be used for the communication; base-pairing provides an initial interaction, 
and the protein-mediated interaction could strengthen it and position translation initiation factors to 
start translation at the 5' end. 
3'-5' communication of the other cap-independent translation sequences 
For most IRES-mediated cap-independent translation, the possible interaction between the two 
ends has not been adequately addressed (Jackson and Kaminski, 1995; Hentze, 1997). Most IRES-
bearing viruses (such as members of Picomaviridae) and bicistronic mRNAs used for testing IRES 
activity are polyadenylated. The requirement of the poly(A) tail in above mRNAs suggests that the 
3'-5' communication could occur between the ends. The potential interaction between the poly(A) 
tail and the IRES could be protein-mediated. The IRES may utilize the host canonical translation 
factors (such as PABP and eIF4G) to communicate with the poly(A) tail. Although the cleavage of 
cellular PABP reported in coxsackivirus and enterovirus infection may undermine the proposed 3'-5' 
communication, we can not exclude the other possibilities of 3'-5' communication that alleviates the 
requirement of PABP as in rotavirus translation (Chapter 1). 
In addition to the canonical translation factors, other proteins could also be used for the 3'-5' 
communication of the IRES-bearing mRNAs. Several proteins have been found to interact with 
IRESes, including polypyrimidine-tract binding protein (PTB), La autoantigen protein and poly(rC) 
binding protein 2 (Jackson and Kaminski, 1995; Blyn et al., 1996). Interestingly, these proteins can 
all interact with the 3' sequence of the mRNA (Ito and Lai, 1997; Chkheidze et al., 1999; Ito and 
Lai, 1999; Spangberg et al., 1999). These proteins could be the candidates for the possible 3'-5' 
interaction. 
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The 3'-5' communication can also be important for the IRES-bearing mRNA without a 
poly(A) tail. Hepatitis C virus gRNA is not polyadenylated and it has an IRES in its 5' UTR and a 
conserved 3' UTR with speciflc secondary structure (X region). PTB binds both X-region in the 3' 
UTR and the IRES in the 5' UTR (Ito et al., 1998). Mutations abolishing PTB binding to the X 
region reduced, but did not completely abolish, cap-independent translation. This suggests a 
possible PTB-mediated 3'-5' interaction could assist the mRNA with the IRES in forming a closed-
loop for efficient translation. 
Although bicistronic mRNAs are commonly used to test the IRES function, the general lack of 
natural IRESes in bicistronic context suggests that IRESes typically function at the 5' end of the 
mRNA for the purpose of end-end communication. The 5' UTR of the eIF4GII (a homolog of 
eIF4GI in mammals) gene is reported to have IRES activity because eIF4GII mRNA is actively 
associated with polysomes in poliovirus-infected cells (poliovirus infection inhibits host cap-
dependent translation) (Johannes and Samow, 1998). However, this 5' UTR did not ftmction in their 
bicistronic assay. They suggested that cap-independent translation of eIF4GII is either caused by an 
unidentified IRES in the 5' UTR, or the low requirement of eIF4F. eIF4GII gene also has an 
unusually long 3' UTR defined by Gradi et al. (1998). In my opinion, its IRES activity can also be 
rationalized by the assistance of this uncharacterized 3' UTR, which was lacking in the bicistronic 
reporter used by Johannes and Samow (1998). 
In summary, it is likely that the 3'-5' communication is necessary not only for the translation 
elements in the 3' UTR, but it could also be a common theme in most cap-independent translation. 
The closed-loop form of uncapped mRNA can also provide similar translational advantages as the 
capped and polyadenylated mRNAs as discussed in Chapter I. 
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Future Questions 
My dissertation systematically revealed the function and structural relationships of a 3' cap-
independent translation element (3'TE) in BYTDV RNA. We hypothesize that two functions are 
related to the 3'TE-facilitated cap-independent translation: 3'-5' communication and translation 
machinery recruitment. First, 1 revealed the secondary structures of the 3'TE and the viral 5' UTR. 
Then, the different sequence and functional domains were related to the different fiinctions by 
functional analysis of different mutants in both UTRs. Next, I demonstrated that the 3'-5' 
communication function is related to the two complementary loop sequences in the different UTRs 
by providing both genetic and biochemical evidence. Finally, I proposed that the closed-loop 
mRNA facilitated by the 3'-5' communication could be a common mechanism for all 3' translation 
elements including the 3'TE in BYDV. I consider my research complete, but it raises some 
interesting new questions. 
Ribonuclease T1 cleavage provided biochemical evidence showing that the interaction 
between the loops of different UTRs is highly dynamic. The 3'-5' interaction may be strengthened 
by the protein factor(s) interacting with the UTRs. In vivo structural probing can be applied to 
address this question. The binding of other protein factors to the UTRs will complicate the probing, 
but using the interaction-disrupting single-mutations and the interaction-restoring double mutation as 
in this research will help to solve the potential complicated probing pattern. In addition to structural 
probing, atomic force microscopy (APM) can also potentially illustrate the closed-loop RNA as 
reported for capped and polyadenylated mRNAs (Wells et al., 1998). AFM can be applied to either 
RNA alone or RNA with host protein extracts. Different sizes of gold particles can be used to label 
the different ends of the RNA. Significant amount of paired gold particles of different sizes will 
indicate the 3'-5' interaction. 
Although we hypothesize that cap-independent translation of BYDV RNA requires RNA-
mediated 3'-5' communication, the translation initiation still needs the host translation machinery. 
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Translation is ultimately carried out by most of host initiation factors and ribosomes. To finally 
understand the 3TE-assisted cap-independent translation mechanism, the following questions need 
to be answered. (1) What host translation factors are need for the TE-assisted translation? (2) Are 
there any new factors specifically required for the TE-assisted translation? (3) How are these factors 
related to different fiinctions as we proposed in this research? (4) Which parts of the mRNA are 
associated with the factors and the 40S ribosomal subunits? To answer these questions, RNA-
protein interaction assays are necessary. Edwards Allen in our lab is worldng on this part, and he 
has promising results showing that several host translation factors are associated with the TE, but not 
a TE mutant. Other different TE mutants that related to different functions as in this research can 
provide help to differentiate which protein is associate with which function. Using the RNA with 
both the 5' UTR and the 3'TE may provide some help to find factor(s) related to the communication 
function. 
Significance of this study 
My dissertation research reveals the function and structure relationships of a translation 
element that facilitates the efficient translation of uncapped and nonpolyadenylated mRNAs. This 
research has important implications for both fundamental theories of eukaryotic translation and 
potential commercial application. 
The closed-loop model for translation initiation of the TE-facilitated cap-independent 
translation agrees with the prevailing model of eukaryotic translation of capped and polyadenylated 
mRNAs. Eukaryotic translation is a complex multi-step process involving the ribosome, multiple 
translation factors as well as different kinds of RNA molecules. The regulation of this process is 
primarily at the initiation stage. Considerable experimental evidence supports a protein-based 
interaction bridge between the terminal cap and the poly(A) tail structures. For cap-independent 
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translation in BYDV, the same kind of regulation is also required, but the mechanism seems to be 
different. 
From my research, I suggest that the 3'-5' communication is also essential for efdcient cap-
and/or poly(A)-independent translation, at least in the case of BYDV. This research provides 
evidence that the virus utilizes a slightly modifled translation initiation system from traditional 
eukaryotic translation. This way, the viral mRNA forms a similar closed-loop conformation to the 
capped and polyadenylated mRNA bound with similar set of initiation factors (eIF3, ribosome, etc). 
For the following elongation and termination stages, the viral mRNA probably would apply the same 
mechanism as for cellular mRNAs. However, an RNA-RNA interaction could alleviate the 
requirement of the cap-binding protein eIF4E that is necessary for translation of the capped mRNAs. 
This indicated that the virus gains translational advantage through a slightly different initiation 
mechanism with the minimum modification to the standard traditional translation machinery. 
Therefore, the virus avoids having to encode additional translation factors to setup a totally different 
translation system. 
The TE sequence has potential applications to enhance gene expression of transgenes in 
transgenic plants. It has been shown that the TE functions in many plant-originated translation 
systems: the wheat germ extract, oat, maize and Arabidopsis protoplasts (unpublished results). 
However, it does not work well in an animal derived system, the rabbit reticulocyte lysate in vitro 
translation system. This could be explained by the differences of translation initiation factors 
between the plant and animal translation systems. Apparently, the TE has evolved to optimally 
function in the plant translation system. 
The TE can be used as a powerful translation enhancer for the uncapped and non-
polyadenylated mRNAs of transgenes (which can be generated by the transgenic T7 polymerase) in 
transgenic plants. This approach can circumvent the complexity of RNA processing and 
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modification, making translation of transgenes more direct and efficient, and potentially alleviate the 
intriguing problems related to the transgene silencing. 
BYDV uses its long 3' regulatory sequence not only as the coding sequence but also to 
intensively regulate its own gene expression. In the case of cap-independent translation, this 
sequence functionally replaces both the cap and poly(A) tail structures through the specific 
sequence/structure domains. The TE-assisted cap-independent translation also mimics eukaryotic 
mRNA to form the closed-loop mRNA by RNA-RNA interaction between the two sequences (the 5' 
UTR and TE105) located at the ends of the mRNA. 
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APPENDIX. THE CAP-INDEPENDENT TRANSLATION ELEMENT IN VIVO 
COINCIDES WITH THE SEQUENCE OF sgRNA2 
(These are parts of the paper "A potential mechanism for selective control of cap-independent 
translation by a viral RNA sequence in cis and in trans " published in the RNA 5:728-38 (1999) by 
Shanping Wang, Liang Guo, Edwards Allen, and W. Allen Miller. The parts of this paper based on 
my work and Discussion are included. Figures are numbered as in original paper) 
Results 
The 5' extremity of the 3' BYDV sequence needed for cap-independent translation in vivo 
coincides with the 5' end of sgRNA2 
Previously, we showed that the 109 nt 3'TE (bases 4814-4922) defined in wheat germ extract 
was not sufficient to give full cap-independent translation in vivo. The 3'-terminal 1162 nt of the 
BYDV genome, which encompasses the 109 nt 3'TE, gave very efficient cap-independent 
translation of a ^-glucuronidase (GUS) reporter gene in oat protoplasts (Wang et al., 1997). To 
more precisely map the sequence(s) needed for fiill activity in vivo, constructs were made containing 
smaller portions of the viral genome in the 3' UTR of a reporter gene, this time using the firefly 
luciferase reporter gene (Fig. 2). 
mRNAs containing sequence from the 3' end of the BYDV genome spanning bases 4154-5677 
(LUC 1524) or 4809-5677 (LUC869) in the 3' UTR translated efficiently in the presence or absence 
of a 5' cap. However, uncapped mRNA containing nts 4814-5677 in the 3'UTR (LUC864) had 
sharply reduced translation, compared to its capped counterpart and uncapped LUC869 (Fig. 2). 
Base 4809 (5' end of BYDV sequence in LUC869) corresponds precisely to the 5'-terminal base of 
sgRNA2 (Kelly et al., 1994), whereas base 4814 (5' end of BYDV sequence in LUC869) 
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corresponds to the 5' end of the wheat germ-defined 3'TE. As a negative control, a mutant version 
of LUC869 (LUC869BF) which contains a four-base duplication made by filling the BamHUgn site 
gave extremely low luciferase activity. This mutation was shown previously to obliterate cap-
independent translation in vitro and in vivo (Wang et al., 1997). 
LUC1524 1 '<^LUCk 
subgenom ic 
R N A2 s eq u ence 
TE-
LUC86 9 
L U  C 8 6 4  — •  •  •  •  •  4  
• 
LU C869BF — M lb 1-*. 
LU C86 9/Pvul —r*^j-ijrw.-. M—|g-
PVUI5320 
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LUC869/Pstl —r^LUCt..'. M lb ' 1—i 
LucifaiaM activity (19 light units/mg) 
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Fig. 2. Deletion mapping of the BYDV 3' UTR sequences involved in cap-independent 
translation in vivo. Uncapped transcripts encoding luciferase (LUC) flanked by the BYDV 5' 
UTR and indicated portions of the 3' end of the BYDV genome were electroporated into oat 
protoplasts. Luciferase activity from uncapped transcripts (black bars) and capped transcripts 
(stippled bars) for each construct is indicated. All RNAs were from 5>nal-linearized plasmids 
(nt 5677), except LUC869/PstI and LUC869/PvuI which were from pLUC869 linearized with 
the indicated restriction enzymes. Asterisk indicates location of BamHUssi fill-in mutation in 
LUC869BF. Assays were performed in triplicate with standard error bars shown. Numbers on 
map of 3' UTR are the positions in the BYDV genome. 
Efficient in vivo translation of capped forms of all constructs with the UTR extending to the 3' 
end of the viral genome (nt 5677, Fig. 2) indicates that the poor expression of uncapped LUC864 
RNA and LUC869BF RNAs was due to loss of the cap-independent translation function and not 
some other process unrelated to translation initiation. Deletion of the 357 nt at the 3' end of the viral 
sequence by truncation at the Pvul site only slightly reduced translation of uncapped mRNA 
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(LUC869/PvuI, Fig. 2). In contrast, deletion of an additional 310 nt (Pstl truncation) reduced 
translation of both capped and uncapped mRNAs by an additional seven-fold (LUC869/PstI, Fig. 2). 
Thus, a sequence between nts 5010 and 5320 is required in the 3'UTR for translation and/or mRNA 
stability, but it is not speciflc for cap-independent translation. 
Discussion 
The sgRNAl sequence is sufficient in cis, for cap-independent translation in vivo and inhibits 
efficiently in trans 
We confirmed and refined the previous observation (Wang et al., 1997) that more sequence 
from the 3' end of the BYDV genome is necessary for cap-independent translation in vivo than in 
vitro. The fact that the 3'TE functions efficiently in the 3' UTR's of both luciferase (Fig. 2) and 
GUS (Wang et al., 1997) reporter genes verifies that the cap-independent translation activity is 
independent of the coding region. This is significant because, in some cases, different reporter genes 
can give different results (Gallie, 1991). 
The role of the additional sequence needed in vivo but not in vitro is unknown. One 
possibility is that the additional viral sequence mimics a poly(A) tail. BYDV RNA is not 
polyadenylated. Wheat germ translation extracts are virtually poly(A) tail-independent, while the 
poly(A) tail plays a crucial role in translation initiation in vivo (Gallie, 1991; Hentze, 1997; Sachs et 
al., 1997; Preiss et al., 1998). A pseudoknot-rich domain has been identified in the 3'UTR of TMV 
that functionally substitutes for a poly(A) tail (Gallie and Walbot, 1990). Together with a 5' cap, it 
synergistitally stimulates translation of mRNAs (Gallic, 1991). Such a function (with a different 
structure) may exist between bases 5010 and 5320 in the 3' UTR of BYDV, because deletion of this 
region substantially and equally reduced translation of capped and uncapped mRNAs in protoplasts 
(Fig. 2). However, additional cap-independent translation fiinctions must exist outside of the 109 nt 
3'TE region, because in vivo translation of a construct containing only the 109 nt 3'TE plus a 30 nt 
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poIy(A) tail in its 3'UTR was stimulated lO-fold by addition of a 5' cap (Wang et al., 1997). The 
additional sequence may be limited to the five bases at positions 4809-4513, or sequence between 
nucleotides 4922 and 5010 may also contribute to cap-independent translation in vivo (Fig. 2). 
A different structure in the 3' UTR of alfalfa mosaic virus RNA 4 enhances the ability of 
mRNAs to compete in cap-dependent translation (Hann et al., 1997). The competitive environment 
in a cell is quite different from that in wheat germ extract and may explain the need for additional 
BYDV 3'UTR sequence for cap-independent translation. 
The more efficient /ra/t.v-inhibition of translation by full-length sgRNA2 than the 109 nt 3'TE 
is not due to the active translation of sgRNA2, because mutation of the ORF 6 start codon had no 
effect on rraw^-inhibition. Furthermore, translatable (capped) sgRNA2 with a defective 3'TE did not 
inhibit in trans. Thus, like the 109 nt 3'TE alone, sgRNA2 inhibits via the 3'TE-mediated 
mechanism. We speculate the sgRNA2 inhibits more efficiently because it may have a higher 
binding aflinity for protein factors that mediate cap-independent translation. This could also explain 
the need for the sgRNA2 sequence in cis for cap-independent translation in vivo. 
sgRNA2 may facilitate a switch from early to late gene expression 
Gene expression of many viruses is divided into temporal stages with nonstructural replication 
proteins expressed early and structural proteins expressed late. Synthesis of BYDV subgenomic 
RNAs requires replication, so the structural genes they encode are not translated until af\er RNA 
replication has commenced. Thus, RNA-templated transcription (subgenomic RNA synthesis) alone 
can account for turning on late gene expression. However, the data presented here suggest an 
additional level of control mediated by viral RNA in trans that may act to shut off expression of 
early genes. 
We propose a model of rra/t^-regulation of translation by the 3'TE in which accumulation of 
sgRNA2 at high levels preferentially inhibits translation of genomic RNA over sgRNAl. Early in 
infection, genomic RNA from the invading virion is the only message {Early, Fig. 7). This allows 
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cap-independent translation of ORPs I and 1+2 (repHcase) facilitated by the 3'TE in cis. The 
replicase then replicates gRNA and transcribes sgRNAs. As large amounts of sgRNA2 accumulate 
{Late, Fig. 7), it strongly inhibits translation of gRNA, shutting off translation of replication genes 
(ORPs 1 and 2), while only weakly inhibiting translation of sgRNAl, permitting translation of 
structural and movement protein genes (ORFs 3,4,5). 
This model is supported by the following observations, (i) The 3'TE is required in cis for 
translation (Allen et al., 1999) of the only two genes (ORFs 1 & 2) required for RNA replication 
(Mohan et al., 1995). (ii) Thus, intact 3'TE is required for replication in vivo (Allen et al., 1999). 
(Hi) Only ORFs 1 and 2 are translated from gRNA (Di et al., 1993; Mohan et al., 1995; Allen et al., 
1999). (iv) The 5' end of the in v/vo-defined 3'TE sequence that gives cap-independent translation in 
cis coincides precisely with the 5' end of sgRNA2 (Fig. 2). (v) sgRNA2 inhibits translation of 
gRNA in trans far more efficiently than it inhibits translation of sgRNAl. (vi) When gRNA and 
sgRNAI are competing with each other in the presence of sgRNA2 at ratios similar to those in 
infected cells, only the products of sgRNAl are translated significantly, and gRNA is virtually shut 
off. sgRNA2 accumulates to at least 20 to 40-fold molar excess to gRNA (Kelly et al., 1994; 
Mohan et a!., 1995; Koev et al., 1998) and probably to a higher ratio when compared to translatable 
(non-encapsidated) gRNA. 
The proposed mechanism in Figure 7 can be compared to other known viral translational 
control mechanisms. Subgenomic mRNA synthesis from genomic RNAl of red clover necrotic 
mosaic virus is controlled by direct base-pairing of genomic RNA2 to RNAl (Sit et al., 1998), but 
this is an example of (RNA-templated) transcription rather than translation. RNA phages QP and 
MS2 use long-distance base-pairing in cis to negatively regulate translation of the A protein and 
replicase. The replicase and coat proteins act in trans to shut off translation of each other's genes. 
This facilitates switches from translation to replication and from replication to encapsidation (Weber 
et al., 1972). In adenovinis-infected cells, late (structural) gene expression coincides with 
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dephosphorylation of eIF4E which inhibits ceiiular cap-dependent translation, and favors translation 
of viral mRNAs which have reduced cap-dependence (Schneider, 1995; Kleijn et al., 1996; Gingras 
and Sonenberg, 1997; Sonenberg and Gingras, 1998). All of these mechanisms and known 
mechanisms of translational control of host genes involve regulation by protein binding, modulation 
of translation factors, or antisense RNA. In contrast, sgRNA2 is a sense RNA that, we propose, 
differentially controls translation. It is quite possible that the sgRNA2 inhibits by competing for a 
protein such as a translation factor needed for 3'TE-mediated translation (Wang et al., 1997). 
Regardless of the speciflc components involved, this appears to be a novel type of gene expression 
control in which a truncated form of an mRNA converts a m-stimulatory sequence into a trans 
inhibitor, as a natural means of differential translational control. 
The 5'UTRs of gRNA and sgRNAI appear to be at least in part responsible for the differential 
inhibition by sgRNA2. This is likely due to differences in their ability to communicate with the 
3TE, and not due to an inherent difference in ability to recruit ribosomes or initiation factors 
directly, because the natural 5'UTR is dispensable when the 3TE is located in the 5'UTR (Wang et 
al., 1997). Thus, the sgRNAl 5'UTR would be predicted to have a higher affinity for the 3'TE, 
probably mediated by protein factors, than would the 5'UTR of gRNA. 
Materials and methods 
pLUC plasmids 
pPAV6 was modifled at three bases to introduce a unique 5mHII site just 5' of the ORF 1 start 
codon. A pair of PGR primers (5' primer contains a^^sHII site, and 3' primer contains an/lcc65I 
site) was used to amplify the firefly luciferase (LUC) coding region fr^om pGEM-luc (Promega). 
After digestion with fl^^HII and Acc65\, this fragment was cloned into fis'jHII-y4cc65I-cut pPAV6, 
replacing bases 138-4153 (ORFs 1-4 and part of 5) of the BYDV genome with the LUC gene. This 
resulted in plasmid pLUCI524, which has the 5' UTR of BYDV, LUC gene, and the 3'-terminal 
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1524 nt of BYDV sequence. (This series of plasmids is named for the LUC gene followed by the 
number of bases from the 3' end of the BYDV genome that are in its 3' UTR.) The set of constructs 
containing nested 5'-terminal deletions of the series of the 3'-terminal sequence was made from this 
construct. Specifically, the deletion series was amplified by PGR (5' primers contained an Acc65l 
site followed by 17 bases of PAV sequence at the desired deletion site, 3' primer was SK020601). 
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Fig. 7. Translational switch model for/ra/ijr-regulation of BYDV gene expression by 
sgRNA2. Open boxes indicate translatable ORFs, and their translation products (below large 
arrows). Black boxes indicate ORFs that are not translated. Early: polymerase is translated 
from gRNA (the only viral RNA at this stage) via the 3'TE (grey box) in cis. As abundant 
sgRNA2 accumulates {Late), it specifically inhibits gRNA (bold X) in preference to sgRNAl 
(grey X), via the 3'TE in trans. This allows almost exclusive translation of late genes from 
SgRNAl. The different 5' UTRs of gRNA (waved box) and sgRNAl (hatched box) contribute 
to the differential inhibition. The role of ORF 6 encoded by sgRNA2 is unknown (?), but it is 
not necessary for /ran^-inhibition. See text for detailed discussion of the model. 
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